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SHOCK TESTING

DIGITALLY CONTROLLED TRANSIENT WAVEFORM TESTING -
ALTERNATE METHOD TO SLOW SINE SWEEP

B. K. Kim )
e © Jet Propulsion Laboratory ¢
Pasadena, California

shape are discussed.

Development of a transient waveform testing methodology in lieu of the
conventional slow sine-sweep forced vibration testing is reported.
Various advantages of the digitally controlled transient testing are
presented. and procedures for generating che exact time-history pulse

INTRODUCTION

In the recent years the envirnnmental
testing methodology has experienced a rapid
change since the introduction of digitally con-

~ trolled vibration and acoustic systems [1].

Successful marriage of a digital minicomputer
with a hardware-fast Fourier processor and
the existing vibration exciter-amplifier
systems has received induv-..ry acceptance in
random and sine-sweep t sting.

In 1968, Favour, LeBrun, and Young [2]
suggested a way of testing to a specified ran-
sient time history using the fast Fourier trans-
form technique and a digital control system.
This transient waveform control concept not
only offers a new method of testing, but more
importantly, it offers a new concept in test
philosophy that governs random and sine-type
testing.

In a spacecraift design, the nrimary loading
on the spacecraft structure may be caused by
launch and separation transients. The finite
number of telemetered flight transient data
constitutes the ioad basis for the next similar
type of spacecraft structure design. The static
and sine-sweep vibration specifications are
derived from the enveloped shock spectra com-
puted from the transient data. Thus the space-
craft test philosophy is formulated from three
mutually complementing investigations:
namely, (1) what are the maximum {light loads
that lead to the environmental specification,

(2) how to design the spacecraft such that it
will survive the {light loads with some margin

of confidence, and (3) how to verify the design
by testing in a controlled manner. This tri-
angular relationship is depicted in Fig. 1.

The purpuse of this paper is to present
transient waveform testing methods as an
alternate approach to the conventional slow
sine-sweep test for a system level qualification
test. It is presented from the viewpoint of the
test concept and imp'ementation. The digital
test control system is assumed throughout.
The term “transient”” shall be defined as a
time-history. pulse-like oscillatory waveform
ol short duration, typically in the order of 2
second.

FLIGHT DATA
ENVIRONMENTAL
REQUIREMEMTS

TEST CONCEPY
AND
IMPLEMENTATION *

STRUCTURAL
DESICN AND
VOAD ANALYSIS

Fig. 1 - Mutual relationship between
specification, design, and testing

TRANSIENT TESTING CONCEPTS

Although the conventional slow sine-sweep
test is well understood and routinely imple-
mented, it does present severe problems in

——— 1 S et e ams




testing a complex structure such as a .
Viking-type spacecraft system, namely:

(1) Since each mode i3 excited separately
from the base, a peak select response
control scheme is necessary to pre-

' --vent overtesting.

(2) The control capability of a closed-loop
servo s highly sensitive to the modal
Q. sweep rate, and switching slopes.
This fact will result in severe
overshoot-undershoot control errors
for high-Q resonances, particularly in
low-frequency primary structural
modes.

(3) Fatigue cycle buildup may increase
the damage potential beyond recovery
during the qualification vibration
testing.

Thus, a large complex structure with low
damping is susceptible to overtest and or
undertest by a sweeping sine-type environ-
mental test.

The proposed transient testing is intended
to alleviate the above problem areas, The
basic idea that is common in all forms of
transient testing is that of open-loop control,
which eliminates the servo control problems
associated with high-Q resonances as well a«
the need for the peak select switching circuitry.
However, the open-loup test requires an
accurate estimate of the instantaneous transfer
iunctions between the input command signal and
the response points on the structure. The
transfer function typically includes the cascaded
product of power amplifier, shaker, fixture,

e * specimen. and all the contro! electronic
circuitry. It is not practical to generate a
mathematical model for each cascaded trans-
fer function. The total end-to-end transfer
function is measured experimentally by apply-
ing a known function through the test system.

. - There are three ways of generating the system

. ¢ transfer function H(w)

“(1) lnput a del.ta function-like single pulse
u(t) and obtain the response v(t) in the
calibration process as proposed in
Ref.[3). 1ken

H{w) =%§%}’—f (1)

where U(w), V(w) revresent the
Fourier transform of v(t) and u(t),
respectively in complex form. How-
ever, to obtaii, a well-conditioned

H(w), it is necessary tu give a
substantial input pulse level,‘and this
may have a damaging effect on al
sensitive structure suchas a
spacecraft.

‘ (2) Tnput a constant low-level sine with
slow sweep rate. This does not
require the Fourler processing Eapa-
bility to produce the gain |H(w)|.

(3) Input a band-passed, low-level random
noise and calculate H(w) from the
cross -spectrum normalized to the
input spectrum.

v (@) Viw) = Hiw) - U@ + UT(0) N (2)

where N(w) represents the Fourier
transform of aft), the system noise.
Since the input random signal u(t) and
the electronic system noise n(t) are
uncorrelated, the last term in Eq. (2)
vanishes. Furthermore, with
statistical averaging,

U:(m) . Vi( «) ’

(3)

It is important to minimize the system noise
error in a low-level calibration test for the
fatigue considerations. For a large structure
that is sensitive to fatigue, the third method is
preferred over the first two since a better
signal-to-noise ratio and higher statistital
confidence are achieved by freguency domam
averaging as shown’in Eq. (3).

TRANSIENT TESTING IMPLEMENTATION

Once the accurate system transfer func-
tion H(w) is calculated and stored in the com-
puter core, the necessary input waveform y(t)
can be synthesized to achieve the deslred
specmcatlon as the response.

Ideally, if a transnent phenomenon can be
represented by a “typical” time-history wave-
form x(t), then y(t) is readily synthesized by

and the precise phase relationship is carried
tarough. Details of implementing this method
are presented in Ref. (3]. This is known as
Transient Waveform Control. The hardware

4




implementation is shown in Fig. 2, and the
software requirement is illustrated in Fig. 3.
However, the phase spectra cannot be averaged

and enveloped like the amplitude spectra, This
fact presents the problem of how one could
define a "typical" phase.

The severity of transient events are most
commonly enveloped as max-max shock
spectra, assuming the modal excitation causing
the most damage. Given a shock spectrum as
the test specification, there are several
methods of deriving specific time histories that
then can be implemented by the Transient
Waveform Control method as follows:

(1) Recently Yang and Saffell (4]
suggested a scheme to generate a time
function f (t) such that

M
f(t) = Zamfm(t) (5)
m=1

PAPER TAPE ‘

f.0 =

sin 2 n'bmt
- sin 277Nmbmt for Os?tSTm

p o
< o B P
- o

LY 3

=0 fox‘t>Tm

(6

An iterative scheme is proposed to
compute am’s such that {(t) satisfies
the desired shock spectrum. To gen-
erate a unique f(t), this method
requires the additional information of
phase distributions and amplitude
ratios. :
(2) Assuming the phase distribution is in
general random in nature, th2 phase
can be randomized by a pseudorandom
sequence as it is done for digital
vibration control systems [5], That
is, given a desired amplitude
spectrum A(w), equivalent complex
spectrum X(w) is found as

COMPUTER CONSOLE

READER/ ¢
PUNCH FFT
PROCESSOR
DIFFER-
LA oe O/A Lo LOW=PASS | _lENTIAL
~lCON verTER|™] FILTER - AMPLIFIER
MINI-
CRT COMPUTER PANEL
A/D LOW-PASS
e 1 CONVERTER™ | FILTER a
PRINTER |
MASS MEMORY
DISKS
X-Y S
PLOTTER / TEST LABORATORY DATA LINE
- TRANSDUCER
SIGNAL oc
CONDi- |-~ —
“TEST TIONING | | AMPLIFIER
ARTICLE" PATCH
HYDRAULIC OR PANEL
ELECTRO-
MAGNETIC
SHAKER POWER controL [ | COMMON | )
AMPLIFIER [*] CONSOLE REJECTOR
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X = 2 o) +aw)] AW @

where p{w), q{w) = 1, the pseudo-
random sequence, Then the complex
X(w) constitutes a one-to-one relation-
ship with the desired waveform x(t).

(3) The fast-swept sine approach fixes the
phase distribution, and thus the result-
ing waveform is identically repeat-

~ able. With the transfer function
obtained in the calibration process,
the input requirement is

v = Ak (8)

and this is transmitted via a digitally
controlled swept oscillator. The
logarithmic sweep rate N octaves’
minute is derived from the frequency
resolution required,

af = —,Il.- (9)

where

T

1]

tofal pulse duration in\seconds
Af = frequency resolution in Hertz

and
f, = f -exp(N 1n2) (10)
2 1 60

where

f1 initial frequency in Hertz

f final frequency in Hertz

2

Then the desired sweep rate is

f
60 2
N = n 2 *Af - 1n T{') (11)

{4) A rapid burst of random noise excita-
tion can also be implemented to deliver
the desired amplitude spectrum A(w).
Once the input requirement amplitude
is computed as in Eq. (8), the pseudo-
random sequences p(w), q{w) are used
to compute the time history.

o
o

U )
0 = g [foto) + satw] .

wa] M

However, for the short-duration time
required, the statistical averaging
process may not ensure convergence,

<

SUMMARY - ‘ :

The concept of transient testing is analyzea
in light of the shortcomings involved in a con-
ventional slow sine-sweep test. Several dif-
ferent modes of computing the system transfer
function and how one could implement the
various methods in an environm2ntal testing
laboratory are explained. Definite advantages
in open-loop control, fatigue considerations
and overall simplicity in implementation are
stressed. Coupled with the inherent advan-
tages of a digital test system, the transient
testing concept presents an alternate scheme
over the conventional slow sine-sweep testing
for large complex structures, .
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COMPARISON OF SHOCK SPECTRUM TECHNIQUES
AND THE METHOD OF LEAST FAVORABLE RESPONSE**

A. F. Witte and R. J. Wolf
Kaman Sciences Corporation -
Colorado Springs, Colorado

A study has been performed to compare critical component
shock response when laboratory test inputs are defined by
shock response spectrum methods and by a method which
utilizes the Pourier spectrum of the field environment
and the frequency response function of the critical com-
ponent. The technique which utilizes the Fourier spectrum
is known as the method of Least Favorable Response and
results in conservative laboratory response in the time
domain and an excellent match of the field response in
the frequency domain. This paper describes methods and
criteria used to perform the study and presents the
significant results in abbreviated form along with gen-
eral conclusions derived from the study.

NOMENCLATURE

Flx(t))

Fourier transform of x({(t)

INTRODUCTION

The use of shock response spectra
for defining dynamic loads and labora-

P‘llx(m)) inverse Fourier transform of tory environmental test criteria to
X(w) qualify hardware for field shock
environments has within the past few
H{w) frequency response function years become very controversial. This
. controversy has been augmented by cer-
H* (w) the conjugate of the complex tain technological advances in digital
quantity of H{w) calculation of the Fourier transform
) and in digital control of vibration
R 3 ‘ time J—- P .-exciters. . Both advances make it
possible to generate in the laboratory
x(t) input acceleration complex acceleration time histories
which can be analytically exrressed or
X{w) Fourier spectrum of X%(t) represented as a series of time
. samples. 1]
X (w) Fourier spectrum modulus
& envelope Methods of synthesizing field
. c e ) . shqock response spectra ‘n the labora- -
#(t) response acceleration - _tory have béen devised which utilize
<

‘digitally controlled exciters and

Y{(®) Fourier spectrum of ¥(t) oscillatory transients. These often
better describe field environments

w frequency than the normally used classical shock
pulse which can be easily reproduced

$ w frequency dependent phase on conventional shock machines. [2]

»

angle

* This work was performed under contract
to the U. S. Army SAFEGUARD System
Command, Contract Number DAHC60-68-C~
0020.
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However, the controversy over the
applicability ot shock response spectra
still exists since calculational ad-
vances also make it possible to utilize
the Fourier spectrum to specify labora-
tory test inputs.

Critics of shock spectrum cite the
fact that its use in its most popular

Preceding page blank
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form necessarily requires the assump~
tion that the system in questicn be
accurately represented by a linear ,
single degree-cf-freedom system whose
damping is independent of its resonance
Snhock spectrum techniques
are often applied to situations where
the system in question is clearly not

single degree-~of-frzedom in nature and

damping is not independent of resonance
frequencies. The conservatism of shock
response spectrum techniques for defin-
ing test criteria often depends on the

method of laboratory synthesis, the ‘
biases applied to the field shock [
spectra to insure adequate conservatism
in the laboratory, and the actual dy- i
namic characteristics of the system to :
be tested. :

Smallwood has suggested that a
method proposed by Shinozuka for eval-
uating the effects of seismic motions
on structures has applicability in
specifying worst case criteria for
laboratory environmental tests.(3,4)

The technique which is known as the
method of "Least Favorable Response”
(LFR) utilizes the envelope of the
Fourier spectra moduli for the ensemble
of all known field environments. It
alsgo uses the actual dynamic charac-
teristics of the system in the form of
the frequency response function. The
input obtained using the Least Favorabl.:
Response theory will result in a criti-
cal component response whose absolute
value is maximum for all possible inputs
having Fourier spectra less than the
field envelope. Thus, provided the
field data adequately represents real-
igtic situations, it insures that the
laboratory test will result in a
conservative and a worst case situation
in the time domain. The method of LFR
also insures that adequate "simulation"
in the frequency domain will be accom-
plished. f

An analytical study, which dis
presented in this paper, has been per-
formed to compare shock spectrum and
LFR techniques. The study utilized
both single degree-of-~freedom and
multiple degree-of-freedom systems.
Classical pulses and decaying periodics |
were used to encompass or synthesize i
ensembled field shock spectra and
conservatively biased envelopes. The
results were compared with those ob-
tained using the method of LFR. Com-
parisons of time histories, Fourier
spectra, and shock response spectra
were made.

The results of the study indicate
that the method of LFR produces a con-
servative response (approximate factors

°

of 2 were observed for the situations
examined) and an adequate match of the
field mean plus 3 standard deviation
shock spectrum. The method of least
Pavorable Response also insures that

. the ‘system response will be adequately

"gimulated” in the frequency domain.
The use of shock response spectrum
methods resulted in an undertest or
overtest depending on enveloping, bias-
ing, and synthesizing criteria as well
as system dynamic characteristics. The
use of shock spectrum may not insure
adequate laboratory "simulation" in the
frequency domain.

LABORATORY SIMULATIUN OF FIELD
ENVIPONMENTS USING SHOCK SPECTRUM
METHODS

The primar:- objective of labora-
tory environmental qualification tests
is to "simulate" field environments for
the purpose of evaluating the structural
and operational reliability and inte-
grity of hardware which must survive
operational field environments. The
problem becomes one of adequately
measuring and defining the field en-
vironment and establishing laboratory
test criteria which result in a suit-
able and conservative "simulation" of
this environment. Both simulation and
conservatism must be such that surviv-
ability in the laboratory guarantees
survivability in the field. On the
other hand, the criteria must not be
unrealistically conservative as to
impose severe design, manufacturing,
and cost penalties on the hardware.

Shock spectrum techniques are pre-
sently the primary methods for deter-
mining system design criteria to insure
hardware survivability for specified
shock environments and for specifying
laboratory shock test criteria. The
primary advantage of shock spectrum is
that it is relatively simple to under-
stand and apply. However, its simp-
licitv also results in several p-oblems
and caveats which one must consider in
its application.

To apply the most often utilized
shock spectrum concepts, the physical
system whose response is of interest
must be represented by a linear single
degree-of-freedom system. Application
of these shock spectrum technigues also
implies that only the maximum response
of the system is of interast and that

damping is independent of resonance ///

frequencies. Shock spectrum methods
have been applied to many systems for
which the above requirements are not
applicable.
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The ability of a shock spectrum to
uniquely describe a time history is
questionable; several time histories
may produce the same shock spectrum
within specified tolerance bands. This
fact is the cause of considerable dis-
agreement over the validity of shock
spectrum as an indication of damage
potential. Many advocate matching
shock spectra with transients simulat-
ing the field time histories, That is,
if the field time history is oscilla-
tory in nature, the laboratory time
history used to match field shock
spectra must also be oscillatory.

The use of single degree-of-
freedom shock spectrum techniques in
specifying test criteria for complex
multiple degree-of-freedom structures
to simulate transient vibration and
shock is extremely controversial. For
shock spectrum to have real meaning in
terms of loads generated in a multiple
degree-of-freedom system, the systems
response must be limited primarily to
one mode. This can happen only if the
excitation has the frequency content
which corresponds to only one of the
systems modal frequencies. However,
many realistic field transients have
wideband frequency content which gen-
erally causes modal coupling and simul-
taneocus excitation of several system
modes.

In many situations field data is
very limited in the number of events
for which shock data has been obtained.
Thus, there is a very good possibility
that data for a worst case situation
may not be available.

¢ ‘ The normal procedure for usirg the
available field data is to overlay all
shock spectra and ercompass the overlay
with shock spectra for classical pulses
or synthesize the shock spectrum enve-
lope using combined decaying periodics.
Yowever, :=his may not account for pos-
sible worst case sitrations which can
stacistically'arise(in the field.

In order to account for possible
statistical variation in data obtained
from various field events, the shock
spectrum data from the same nominal
envirorment is sometimes treated as a
random process. This is done by ensem-
ble averaging and calculating the fre-
quency dependent mean shock spectrum
and the variance. The laboratory test
specification is then based on the fre~
quency dependent mean valve increased
by a factor which is some muitiple of
the standard deviation of the ensembled
shock spectra. The method has merit in
that it applies statistical logic in an

" R. F. Drenich {S] in 1968,

attempt to account for the woist case
field situations.

THE METHOD OF LEAST FAVORABLE RESPONSE

There is another approach for es-
tablishing shock and vibration tests
criteria which has been recently sug-
gested, it is termed the method of
"Least Favorable Response". The theory
of "Least Favorable Response™ is a
relatively new concept, being origina-
ted primarily by M. Shinozuka [3) and
Like shock
spectrum, "Least Pavorable Response”
(LFR) was devised primarily for esti-
mating effects of seismic shock on
structures. The first suggestion for
its application to shock excited vehi-~
cle structures was made by D. O.
Smallwood in 1971-72 {4]). As a result
the technique is not very well known.

The method of "least Favorable
Response®” in terms of field and labora-
tory environments is briefly summarized
as follows: The Fourier transform of
field input time histories is computed
for all available field data. An enve-
lope Xe(u), of the composite spectrum

moduli is generated. The frequency
response function, H(w), for the crit-
ical component is then computed from

a realistic model, or measured in the
laboratory. Using this information, it
can be shown [3,4,5] that an input
shock whose Fourier transform defined
by the expression

xe(w) H? (w)

- |HZw$| - 1

X (w) lab
input

(where * denotes the complex conjugate)
will result in the maximum critical
component response, ¥(t), which can be
generated by any possible input whose
Fourier transform is contained within
the field shock envelope xe(m). The

time history of the laboratory shock

. input is then obtained by c mputing t\e’

inverse Fourier transform o.

X(m)lab input that is,

" -1
% () jab ~ F (X{w)]
input (2)
. gl Xg (W) HY ()
IHZwSI
The above expression is a unique, ana-
lytically determined test input obtain-

ed from an envelope of field data in
the frequency domain and the dynamic
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characteristics of test specimen invol-
ved. For a rigorous development of the
Least Favorable Response theory, the
reader is referred to previous work bv
Shinozuka, Smallwood, and Drenich,
13,4,5].: - L e - .

Least Favorable Response offers
advantages over shock spectrum in the
following areas: (1) it accomodates an
arbitrary multiple degree-of-freedom
system, (2) it puts an envelope on the
Fourier transform of the actual field
data, and (3) it accounts for the
worst case situation.
caveats must be considered in its ap-~
plication: (1) as with shock spectrum
methods, phase information for field
environments is not utilized, (2) the
critical component within the system
must be identified and its frequency
response function must be known, (3)

a Least Favorable Input (LFI) must be
determined for each critical component,
i.e., an individual test must be speci~-
fied for each critical component to
obtain its Least Favorable Response,
and (4) Least Favorable Response theory
is rigorously applicable to only linear
systems.

STUDY DESCRIPTION

The analytical study outlined in
this paper was performed on both single
degree-of-freedom systems and multiple
degree-~of~freedom systems, each repre-
senting critical components within a
complete hardware system: The single
degree-of-freedom systems provided a
relatively simple means of checking
theory and computational techniques.
They also provided a logical basis for
comparing shock spectrum and Least
Favorable Response techniques.

The multiple degree-of-freedom
systems were also used to obtain re-
sults which could be utilized to com-
pare shock spectrum and lLeast Favorable
Response methods. Of primary concern
for both types of systems was the simu-
lation of the environment in both the
time and frequency domains. Conserva-
tism of results when compared to field
data was also of concern.

Four systems were used in the
study, two single degree-of-freedom
systems and two multiple degree-of-
freedom systems. Each system whose
input and response defined by %(t)
and ¥(t) respectively, were identified
with a case number. See Fig. 1.

Case 1 was a single degree-of-
freedom system having its resonance
frequency of 653 Hz correspond to a

However, several

et mme T s el

notch in the ensembled field Fourier

spectra envelope, thus requiring the

systems driving point impedance to be

relatively large compared to the source

impedance. < o

 ‘case 2 was a single degreeZof- °
freedom system having its resonance
frequency of 800 Hz correspond to a
peak in the ensembled field Fourier
spectra envelope, thus requiring the
driving point impedance of the compo-
‘nent’ to be small compared to the source
impedance. o

Case 3 was a two degree-of-freedom
system having a different damping ratio
for each spring/mass element and having
closely coupled resonance freguencies.
The resonance frequencies of 650 and
800 Hz corresponded to a notch and a
peak in the ensembled Fourier spectra.
The top mass was considered the criti-
¢al component.

Case 4 was a two degree-of-free-
dom system also having a different
damping ratio for each spring/mass
element with little coupling between
resonance frequencies of 800 and 1200
Hz. Again the top mass was considered
.the critical component. .

Thus, the four cases corresponded
to some of the limiting situations ’
which one can encounter in the critical
component/environmental source rela-
tionship.

The objective of the study on each
of the four cases was to compare the
critical component response due to
inputs defined by shock spectrum tech-
niques, the method of Least Favorable
Response, and field environments.
Comparison of input and response data
was accomplished by spectral decomposi-
tion using both Fourier and shock re-
sponse spectra. Data were also com-
pared in the time domain.

Field input data, from which lab-
oratory shock specifications for this -
study were determined, consisted of
five different analytically derived
events, each representing an environ-
ment to which the critical components
would be subjected during their useable
life. These events were synthesized by
swming analytically generated decaying
sinusoids. The frequency content and
the amplitude of the frequency compo-
nents varied from one event to the
next. Figs. 2, 3, and 4 show the input

- time history, Fourier spectrum modulus,
and shock spectrum for one of the five
events,

10
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examined in terms of an analytical
*laboratory test"™ situation which is
identified by a test number. Only a
. .few plots are: included with the follow-
¢ * ¢ ing discussion since to include all -
data would result in a paper of unrea-~ : : ° ce Slee o
sonable size. The data included are
typical and are utilized to illustrate
the techniques used, and results ob-
tained.

.03 Damping Ratio

=
{ |

7 "Laboratory Test"” 1. (Half-sine

envelope). Input parameters were ob-

tained by calculating the maximax shock
response spectrum for each of the five
field events. These shock spectra were ]
overlayed as shown in Fig. 5 and an en- 1
velope was drawn around the ensemble.
The unshaded area represents the fre-

Amplitude (10

quency range of particular interest, 10" — T -
The shock spectrum for a 140 g, .66 x 10 10 10 10
10~? second half-sine pulse was used Frequency (Hertz)

to encompass the ensemble envelope and
the Fourier spectrum of the half-sine
was calculated. This half-sine was
used to define a laboratory input. The
response for each critical component .
case was obtained in both the time and
frequency domains. Figs. 6, 7, 8, 9,
and 10 illustrate input and response
data for Laboratory Test 1, Case 1 only.

Fig. 4 - Maximax shock response
spectrum for Field Event 2-B.
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Fig. 5 -~ Envelope of maximax shock response spectra ensemble for all field events.
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"Laboratory Test" 2. (Half-sine
mean + 30.) Input parameters were ob-
tained by calculating the frequency
dependent mean value of the field
shock response spectrum ensemble,
calculating the frequency dependent
standard deviation and then enveloping
the mean plus three standard deviation
as shown in Fig. 11. Again, the un-
shaded area indicates the frequency
range of interest. The shock spectrum
for a 205 g, .616 x 10~® second

half-sine was used to encompass the
mean plus three standard deviation
shock spectrum and the Fourier spec-
trum of the half-sine was calculated.

- The response of each c¢ritical component

case was determined in‘both the time
and frequency domains. Input and re-
sponse data were similar to that
illustrated for Test 1.

"Laboratory Test" 3. (" SHOC"
envelope.) Shaker cptimized periodic
transients (SHOC) {2], were used to
match the envelope of the field shock
spectrum ensemble, Note that the
criteria for matching the field shock
spectrum was for the spectrum of the
shaker optimized transient to fall
within $20% tolerances over 90% of
the frequency range of interest. The
Fourier spectrum of the input transient
was obtained as well as the time his-
tory and Fourier spectrum of the criti-
cal component response for all cases.
Figs. 12, 13, 14, 15, and 16 illustrate
input and response data for Laboratory
Test 3, Case'l only. ¢

"Laboratory Test"” 4. ("SHoOC"
mean + 30.) Shaker optimized periodic
transients were used to match the
envelope of the field mean plus three
standard deviation shock spectrum
using the same criteria as those used -
in Laboratory Test 3. ° The input and
response data were similar to that
illustrated for Test 3.

"Laboratory Test" 5. (Least
Favorable Response.) The Fourier
spectra of field inputs were calculated
and ensembled and an envelope of the
ensemble was formed. See Fig. 17.

The envelope of the ‘ensemble xe(w)

was used with each of the critical
component frequency response functions
to obtain a Least Favorable Input via
Eg. (1). The Least Favorable Input

for Case 1 is shown in both the time
and frequency domains in Figs. 18 and
19.  Shown in Figs. 20, 21 and 22 are
the shock résponse spectrum for the =« ¢
input and the critical component re-~
sponse in the time and frequency

domains.

Response to Field Events. The
response to all field events were
obtained in the form of time histories
and Fourier spectra for all critical
component cases. Peak response am-
plitudes were determined and an
envelope of response Fourier spectra
for all field events were obtained.
Figs. 23 and 24 show the response
time history and Fourier spectrum for
Case 1 to one of the field events.
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STUDY RESULTS

In order to compare the various
test methods and draw conclusions
field and test input data were compared
using time histories, Fourier spectra,
and shock response spectra. Critical °
component response data were also’
compared in the time and frequency
domains as schematically indicated in
Fig, 26. Table 1 and Fig. 27 summarize
and compare the test results in terms
of peak input and response amplitudes,
Results for all four critical component
cases are shown. Peak input and re-
sponse amplitudes are plotted in Fig,.
27 using a logarithmic ordinate since
equal percentage differences are re-
presented by equal distances on a log
scale. Comparisons of shock response
spectra and Fourier spectra are not
presented because of the considerable
amount of data required for comparison.
This data is verbally compared in the
following paragraphs.

As one 'would initially suspect,
peak input acceleration amplitudes do

TIME HISTORIES

[SL120) 47

FOURIER SPECTRA

ONeuT)

SHOCK SPECTRA

not give an indication of the severity
of the environment in terms of compo-
nent response since component response
is also dependent on the frequency con-
tent of the input.’ . -

o =
<

Matching or enveloping the field
input maximax shock spectrum ensemble
did not guarantee matching or envelop-
ing the ensembled field input Fourier
spectra and in turn did not gquarantee
matching or enveloping the ensembled
field response Fourier spectra.

The results in terms of peak
response accelerations using shock
response spectrum methods were highly
dependent on biasing criteria used to
insure response conservatism, on the
type of pulse used to "simulate” the
environment, and on the dynamic charac-
teristics of the critical component.
The use of shock response spectrum in
the situations described in this paper
resulted in both an undertest and an
overtest in terms of peak critical
compcnent response accelerations. Us-
ing shock response spectrum techniques
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Fig. 27 - Summary of input and response peak amplitudes.
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" conservatism in his results {4).

c

- . B '

did not insure enveloping or matching
either the input or response Fourier
spectrum.,

The method of Least Favorable

. Input/Response in all cases resulted in-

a match of field input and response
Fourier spectra and conservative criti-
cal component peak response accelera-
tions. The amount of conservatism
varied from 1.5 to 2.6. Smallwood also
has observed approximate factors of 2
In
all cases examined, the maximax shock
spectrum of the Least Favorable Input
did an excellent job of matching the
field ensembled meai plus three stan-
dard deviation shock response spectrum
envelope within the t20% tolerances
over 90% of the freque.cy range of
interest (see Fig. 20,. The only
frequencies at whic!. an adequate match
did not occur were at the critical
component resonance frequencies, which
in terms of shock response spectra are
the most important.

SUMMARY AND CONCLUSIONS

A study has been performed which
compares results from field events and
laboratory tests whose input criteria
were derived using shock spectrum and
Least Favorable Input/Respnnse methods.
Four critical component cases were ex~
amined, two single degree-of-freedom
and two multiple degree~of-freedom
systems.

The results of the study are
summarized as follows:

(1) Shock spectrum methods re-
sulted in both overtests and undertests

* . of eritical components.

{(2) The use of shock spectrum
methods did nct necessarily insure that
the frequency content of inputs were
properly reproduced in the laboratory.

(3) The use of shock spectrum

‘.t . ‘methods did not necessarily insure that

the frequency content of responses were
properly reproduced in the laboratory.

(4) Results using shock spectrum
were dependent on enveloping and bias-
ing methods and value judgement.

(S) The use of Least Favorable
Input/Response always resulted in con-
servative responses in terms of peak
amplitudes; approximate factors between
1.5 and 2.6 were observed.
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{(6) Both field input and response
Fourier spectrum moduli were matched
in the lcboratory when Least Favorable
Input/Response was used.

‘ The conclusions from the study
are that the use of Least Favorable
Input/Response results in an excellent
means of providing both the conserva-
tism and the similitude for laboratory
qualification testing. However,
methods of deriving input specifica-
tions and performing tests are more
complicated than those used with shock
spectrum methods.

To date, electro-dynamic or
electro-hydraulic exciters are the
only devices which can accurately re-
produce a Least Favorable Input and
these are in some situations limited
in both force and frequency capabil-
ities. A new method of prrnducing
Least Favorable Inputs may be required
to meet some of the high amplitude,
high frequency criteria necessary to
simulate many of the normally encoun-
tered field shock environments.
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Mr, Kalbfleich (McDonnell Douglass Astronautics

DISCUSSION

Mr, Witte: The frequency response function is

Company): You alluded to the overtest or
conservatism in the use of the shock spectrum
on ‘your models, relative to the two forms of°
input, the halfsine pulse and the ensemble of
decaying sinusoids. Was the overtest factor
dependent on the form of input?

Mr. Witte: It was highly dependent on the
dynamic characteristics of the system. When
o the resonances fell within a notch of either
- - the field Fourier spectrum or the field input
shock spectrum we found that there was a
considerable overtest, When the dynamic
characteristics corresponded to a peak in the
input shock response spectrum we did a pretty
good job in terms of peak amplitudes.

. Mr. Enochson (Agbabilan Associates): One stand-
i ard problem that you always encounter is the
’ * preserce of small values or zeros when you
‘ divide by frequency response functions like
gain in defining the least favorable responses.
How do you handle that kind of a problem in
the computational procedure?

Mr. Witte: We have experienced that problem
and the frequency response function becomes very
ragged at these low levels, and in the analyt-
ical study we just let it go. We were inter-
ested up to 3000 Hz and we really didn't have

. the problem with frequency response functions
up to that point.

Mr. Chapman (Jet Propulsion Laboratory): How do
you implement this test once you have decided
what the parameters are? It wasn't clear to me
when you found H (M) whether you were talking
about the subsystem under investigation or
wvhether you were talking about the subsystem

. mounted on a fixture, which in :urn, was mounted
S ‘e on a shaker. & . = s«

B
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the transfer functifon between the point at which

_you define the input and the point at which you °
"define the response of the critical component, :

Mr, Chapman: Where was this response, was it
on the package itself? You took field data and
you know what the response was in the field,
now what do you do with it? Would you use an
electrodynamic shaker to test {t?

< o

Mr, Witte: Yes.,
Mr. Chapman: You put the package on a fixtdre,

which in turn is mounted to a shaker; you know
what you would like the response of this package
to be, but in some manner you have to take the
transfer function of the fixture and the shaker
into consideration.

Mr. Witte: This is a phase independent method.

Mr. Chapman: That was not made clear, but then
you run into the problem of how to specify phase.

Mr. Witte: What we have done is to have insured
ourselves that we will test to the worst case
situation in terms of peak amplitudes of the
critical component., We also have insured our-
self that we have matched the field input Fourier
spectrum modulus, and if {t 1s a linear system,

.then one necessarily matches the field response

Fourier response modulus.,
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" ‘APPLICATION OF LEAST FAVORABLE

3

RESPONSE TECHNIQUES ot

c

. *
INCORPORATING FIELD DATA FOURIER TRANSFORM PHASE ANGLE

r

R. J. Wolf and A. F. Witte <
Kaman Sciences Corpcration
Colorado Springs, Colorado

A comparison of critical component shock responses
resulting from laboratory test inputs defined by conven-
tional shock spectrum techniques and by a method utiliz-
ing the Pourier spectrum of the field environments and
frequency response function of the critical component,
which is called the "Method of Least Favorable Response®,
has been done by Witte and Wolf [1].
that comparison by modifying Least Favorable Response
theory to include field data time history Fourier
transform pLhase angle information, and obtaining solu=-
tions for four cases of interest.
compared with Least Favorable Response analyses.
found that inclusion of field data Fourier transform
phase angle (for the case of decaying periodic time his-
tories) represents an upper bound on system response
which is significantly lower than the worst case analysis
of Least Favorable Response (LFR).

This paper extends

The results are then

It is

e e e S
NOMENCLATURE X, (w) the envelope of the moduli of
the Fourier transforms of the
t time input acceleration time
histories which defines field
w frequency environment
i /<T 6(w) the phase angle of the Fourier
o ) 5 s - transform of an input accelera-—
x{(t) input acceleration in time tion time history
domain
P {w) the phase angle of the fre-
X (w) input acceleration in frequency quency response function
domain. X(w) is the Fourier
transform of x(t) |a| magnitude of any complex
quantity A
y(t) - response acceleration in time N o e -
.. domain ‘ °  Noter? "Field data” refers to the
: . ) acceleration time histories
Y {w) response acceleration in the that define the environment
frequency domain. Y(w) is the which a system is subjected to,
Pourier transform of y(t} and are typically measured in
the field.
H(w) the frequency response function
of the system INTRODUCTION

This work was performed undar
contract to the U. S. Army SAFEGUARD
System Command, Contract Number
DAHC60-68-C-0020.

The method ofiLeast Favorable

Response (LFR) is a technigue for
computing the absolute maximum response
of a system having a known frequency
response function and subjected to a

number of given input time histories.
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It also provides a means for computing
the input time history which results in
this maximum response. Smallwood (2]
has proposed this technique to establish
laboratory test criteria.

< Witte and Wolf {1] have madeé a study
comparing the method of Least Favorable
Response to classical shock spectrum
techniques. The results of this study
indicate that for a class of input field
time histories which are decaying
periodics, the Least Favorable Response
is approximately twice the field
response experienced for :a single
degree-of-freedom system. In some
cases, this may be considered as overly
conservative and would result in unreal-
istic cost/weight/performance penalties.
It has been suggested by Smallwood [3]
that utilizing field data Fourier trans-
form phase angle information as well as
the envelope of the modulus will result
in lower response amplitudes than those
obtained using Least Favorable Response
analysis, while still being upper bounds
on the system response.

If the established bounds on the
field data Fourier transform phase angle
are carried through the Least Favorable
Response analysis, the problem reduces
to that of determining the absolute
maximum response for any input time
history whose Fourier transform moduli
is less than or equal to the envelope
of the field moduli and whose Fourier
transform phase angle is within the
bounds established.

A formulation of the Least Favorable
Response analysis including phase angle
has been done analytically by Smallwond
f3] in terms of delay functions. A
slightly different formulation suited to

digital® techniques is presented in-this « *°~

paper. A phase function U{w) is defined

U(w) = cos{6(w)}

where 0 (w) is the phase angle of the
Fourier transform of the field data.

The Least Favorable Response for a given
Fourier trarsform moduli envelope, X _(w),
and allowable band of phase function
U(w)max and U(u)min is formulated.

Least Favorable Input and Response
calculations including bounds of allow-
able phase angle have been. performed
numerically and compared with the usual
Least Faverablez Inputs and Responses,
and with shock spectrum results of
Witte and wolf [1].
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* THE LEAST FAVORABLE RESPONSE THEORY

INCLUDING FIELD DATA FOURIER TRANSFORM
PHASE ANGLE

Let us assume that an arbitrary
configuration can be represented by a
linear system as shown below, where
H{(w) is the system frequency response
function, and

Input Linear System Response
x(t)--)-{ H(w) > y(t)

Single Input/Single Output
Linear System

x(t) and y(t) are the system input and
response, respectively. Note that it

is not required that x(t) and y(t) have
the same physical units. For example, -
x(t) could be an acceleration and y(t)
the relative strain between two points.
Let X(w) and Y(w) be the Fourier spectra
of x(t) and y(t). Then

X(w) = j x(eyeivtae, (1)
x(:;'=:%§ fm Kioyelvtay, (2
Y(w) = Jm y(t)e ivtae, (3)
y(t) = = fm ¥ (o) et¥tay. (4)

a

B B -0 &) © or e EE-I
© © ° bt 7 © e < . FE

With the aid of the

{requency response
function, H(w), B

vy = L |

-co

H(w ¥y 2ttau, (s)

©

© < LB o .
re i is the ‘imaginary unit. © Tl e

“wh

The Least Favorable Input, xirrit),
for the general case is defined as the
input that produces the absolute maximum
response equal to

¥ pay < 55 f [X(w) | [H(w) [dw. (6)

-0

Let us express an input X(w), and
the frequency response function, H(w),
in their polar form

e s e 3 S e aml
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Let us express an input X(w), and or o L
the frequency response function, H(w), - :
in their polar form -
16 (o) x(8) oy = 3o I:xe(m)e bl gluty,  (12)
X(w) = [X(w)|e ’ (n .
R - :"ﬁ(d) - |Hkb3]ei°(”), ' SRR} This can also be written as - = ¢ ¢
the response y(t) is then given by ° x {w) o —iut
. x(t)u..l I Tﬂ—(m H (w)e dw. (13)
v = b [ xomweteta,
C ew” (where * denotes the complex conjugate).
€ o ¢ This states that an input acceleration
’ 1 18 (w) given by Eq. (12) will result in a
=3 |Ix X(w) |e (9 maximum system response y(t)pax Which
- could result from any possible input,
X(w), which is contained within the
|H(m)|31°(”)e1“tdu envelope xe(w).

. As shown, Shinozuka [4] obtained
or ' the Least Favorable Response through
- maximizing Eq. (9) by choosing

yie) = - le(u)l _ 1) t =0

(2) 8(w) = =¢(w)
|H(w)|ei{e(”) + o) +wt)y These assumptions do indeed maximize
the response y(t). However, they in
general, lead to system responses which

Now if one defines the moduli of the are extreme upper limits and are not
input as least upper bounds. It is not required
‘to arbitrarily choose 8 ({w) = -9 (w),
[ X{w) | = Xg (w) which is the absolute worst possible

case, when in fact the phase angle
8i(w) for all time histories x;(t) is a
known function obtained from the Fourier
transform of the input time histories;
and bounds of experienced and allowable
phase angles can be established. The
extreme generality of the "Least
favorable Response® can further be
reduced by noting that system responses
. :can have only a real component; since
all original time histories are real,

where x (w), is defined such that

X (w) >%{xy(w)],i = 1,n, for all w,

t en, X (w} will, by definition,
represeSt an upper bound on the moduli
of the Fourier transforms of the
individual input time histories, xj(t),
x2(t),..... x (t). Maximizing Eq. (9)
through (4] . ) . .

ei{e(w) + o(uw) + wt} _ eo =1 (10) the resulting responses must also be
real. Then the response, y(t), is
by selecting given by
-
1) ¢t =0 1
ST R ] I O R I LR
‘ M Ix@) ] = x ) R {eostotw) + ot) + utifas, a4
we obtain what is commonly referred to and the maximum response is given by

as the "Least Favorable Response”.
Substituting these expressions into 1
Eq. (7), we obtain an expression for y(t)max = 37 [ Ixe(W)!IH(w)l
the "Least Favorable Input”, x(t)xpl,
as follows

=-i¢ (w) |cos{8 (w) + ¢(w) + wt}jdw.(15)

X(N)LPI = xe(u)e (11)
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" smallwood [3] has considéred Eq.
{14), introduced the delay function

defined by
5“,) .:2_(_91

and ﬁroceeded ‘with an analys;s on’

that basis. However, since cos{§(uw)w},
i.e., cos 8(w), is a better behaved
function, having a much smaller dynamic
range, 0(1), and is easier to work with
and envelope, than & (w), let us proceed
as follows. Expanding . e

o

3
3

|cos{8{w) + ¢ (w) + wt}]

in terms of thé cosine of the sum of
the two angles 8 (w) and {$(w) + wt} we
obtain

[cos 8(w} + {$(w) + wt}]

[cos 8 (w) cos {$(w) + wt}

sin 9 (w)sin{¢ (w) + wtl}}
or

lcos 8(w) cos{¢fw) + wt}

(2} /' 1-c0s?6 (w)sinld (w)+ wt)
(16)

where (+) must be determined by what
quadrant cosf 1s in. Let us further
introduce a dependent variable, U(w),
which we will simply call the "Phase
Function".

© Ulw) = cos{8(w)}. .
Now, the frequancy response function
phase angle, ¢{s), is considered to be
known, wt is also known, hence for any
general situation

oo cos{¢(w) + wt} = Cylu,t) is Known

- s}’

sin{¢ (w) + wt} = Cz(w,t) is Known
- - . . - B (19)

Substitution of Egs. (17), (18),

into Eq. (16) yields

(19},

cos{@ (w) + ¢(w) + wt}]

= IU(w)Cl(Q,t)

- NMvw? ey,

an
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and Since Cl and €2 are exact known',
functions, the value of U(w) is the
only quantity which cannot be exactly
defined. Therefore, if the bounds on
the phase function U(w) can be deter-
mined by ;

UGl o, 2 Uy fe) for &% 1on o0 2 ¢ oo
land
U (w) 2 Uy for i = 1-n

min -

-then‘ the quer bound on |cos{8 (w) +

¢(w) + wt}| is determined by:

[cosla(w) + ¢(w) + wt}]

= U(u)M1 Cylu,t)

- () 1-U(w)2M2 Cytw,t)

where U(w)Ml = VW) pay OF Ulwlpin and

= U(w)max or U(w) depending

U(N)Mz min
upon the sign and magnitude of C, (w,t)
and C,(w,t) and the sign of {+(z)} such
that the combination yields the maximum
vaiue. For example, if Cj(w,t), Ca(w,t)
and -(z ) are all posxtlve then the above
expression becomes

Jcos{8(w) + ¢(w) + wtl}]

= U, Cplu,t)
. L + /1- U(m)mln 2(m &)
where U(w) and U{w) are the upper

and lower envelopes of %Re contributing
phase functions Uj(w) = cos{6; (w)}.

The Least Favorable Response for a
given Fourier transform moduli envelope
Xe (uf and allowable band of phase
functions U{w)pay afd Ulw)pin is ‘then-

" given by:

L E

¥ = > j' X, (w) ]H(m)‘f

max . (29)

- 00

Wy € lw,t)
1

- (%) 1—u(w)ﬁ Cz(w.t)}dw,
2
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©0




R X L T

c tude content of the first time history.

the corresponding Least Favorable
Input is given by:

X{E) oy = !

where ?1 and F‘l are the Fourier trans-
form and inverse transform, respec-
tively.

<

THE ANALYTICAL STUDY

TABIE 1

COMPOSITE DECAYING SINE

TIME HISTORY

The analytical study consisted of

numerically evaluating Eq. (20) to

determine the Least Favorable Response

for an envelope of five time histories L
for four frequency response functions

of interest. The corresponding Least 2
Favorable Inputs determined by Eg. (21) 3
were evaluated via fast Fourier trans-

form techniques. The time histories ‘4
and frequency response functions were 5
identical to those used in the study by ‘
Witte and wolf [l]), which compared in

detail to the mechanical shock test 7
criteria which were generated from an ]
ensemble of hypothetical field measured N
time histories by conventional shock

spectrum techniques and by the method 10

CONTENT, #5-A At = ,400E-04
t A € e N
(9) -{::::::) (hertz) radians

.100E+00 .100E+00 .127E403 0.0
.800E-01 .1008+00 1912403 2.50
,6008-01 1002400 L206E403 0.0
.4008-01 .100£-01 L398E+03 0.0
.2002-01 .1002-01 .796E+03 0.0
.1002-01 .1008-01 1192404 0.0
.s00e-02 | .5008-02 1592404 0.0
.2%02-02 = .3008-02 .3182+04 0.0
.1002-02 i‘ .3002-02 .6I7E+04 g.0
.s00z-01 | .5008-02 L955E404 0.0

of Least Favorable Response (LFR}.
This was done so that the results ob-
tained could be compared to those ob-
tained by shock spectrum and Least
Favorable Response technigues, and a

more meaningful insight into the effect ]
of including field data Fourier trans- +
form phase angle information could be

reached.

*0R

The hypothetical field measured‘
time histories were generated by a
summation of decaying sinusoids of the .
form: ’

n
-L.w, t
E Aie ii sin(mit + oi).

x,(t) =
i i=1

Acceleration (101 g)
W) o

Table 1 gives the frequency and ampli-

. and Fig. 1<shows a computer plot  of the
corresponding time history which is |
¢ . labeled #5-A. Similarly, Table 2 and

o

-h o 3008

Fig. 2 identify the second time history R e
labeled #5-D; Table 3 and Fig. 3 i -2

identify time history #5-G; Table 4 and Time (10 ° sec)

Fig. 4 identify time history #2-B: |

while Table 5 and Fig. 5 correspond to Fig. 1 - Computer plot of time history

hypothetical field time history #7-G.
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CONTENT, #5~D At = ,200E-04 ° 7’ °  <CONTENT, #5-G At = ",400E-04 . . o ® .
; 4 ) . .
i A . “.‘_ w
i b ¥ " L A & s L2
(£3) (dimen~- {hertz) radians (9 (dimen- (hertz) radians
sionless) sionless)
1. 1302400 11008400 2552203 6.0 1 .5002-0F * . 500E-02 Azee3 , 0.0 .
2 1042400 .100E+00 5732403 2.50 2 .402-01 .S0VUE-02 1912403 - 2.50 .
3 .7802-01 1008400 1598404 0.0 3 .3002-01 .500E-02 2868403 0.0 )
4 .520E~01 .1002-01 3182404 0.0 4 ,2002-01 .S00E-02 3982403 0.0
[ .26GE-01 .1002-01 1272405 0.0 5 .100E-01 L100E-01 LT96E+03 0.0
6 +130E-01 ° .100E-01 »191E+05 0.0 [ 1 .500E-02 .100E-01 +119E+04 ¢.0
7 +65GE~02 <5008~02 6372404 0.0 ? .2502-02 .1002~01 +1592+04 0.0
Y .3252-02 500202 2392404 0.0 J .125£-02 -1002400 .318E40, 0.0
9 .130E-02 .500B~02 7968403 6.0 9 .5002-03 +100E+00 617404 0.0
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Fig. 2 ~ Computer plot of time history Fig. 3 - Computer plot of time history
#5-D. #5-G.
30
- e et Y L s
. .-
S T —————————— U -
- T gy = = e




Ne

R

TABLE 4

COMPOSITE DECAYING SINE TIME HISTORY
CONTENT, #2-B At = .1925E-04

-
i M & o %
[(°}] (dimen- . therts) radians
sionless)

1 « JOOE+00 .1452-02 1572404 0.0
2 .5008-01 .s00e~01 .6622+0) 2.%0
3 +1508+00 1002400 +3312403 0.9

i

a

.00

Acceleration (101 g)
[ Y]

] .
] .
-
]
4 —
< (Y] - K] 508 LM . L 1.0
L€ g ¢ o .- ‘ ¢
i e -(2 < €
< . ‘Time (10 © sec) -
0 e X .

‘ Pig. 4 - Computer plot of time history
#2-B. .

o

TABLE 5

COMPOSITE DECAYING SINE TIME HISTORY

' e . .CONTENT, #7-G it = .740E-04

i A £ ¥ ]
i 1 15 i
{q) (dimen= (herts) radians

. dionless)

1 .4002-01 .100£-01 107808 0.0
2 .200E-01 .100£-01 LL61E+04 0.0
3 Lo .1002-01  .167Ee04 0.0
4 .200E-00 .100£+00 .172E003 T 0.0
s L160E+00 .100£+00 .258E+03 2.50
1
A
-
7 ]
-
o L]
)
<
g ¥
o
3
o 8
Hoog
]
9
g
B
]
]
4 - - .
L1 B ) ~. . 1.7 1. 508 1.0
B & < 14 CV N L
c

Time (10”7 sec)

Fig. 5 - Computer plot of time history
$#7-G.

The moduli of the Fourier transform
of these time histories and the corre-

¢ ©gponding Fourier transform fhase func-
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tions, U(w), (defined in the previou~
section by U(w) = cos(3), where § is
the Fourier transform phase angle) are
shown in Figs. 6, 7, 3, 9, and 10.
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Event 7-G time history.

P . .

Pigure 11 shows the overlay of the
five Fourier transform moduli ard an
overlay of their corresponding phase
functions.
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Fig. 11 ~ Ensemble overlay of moduli of
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Pi g. 12 qives the resultln;
envelope of the Fourier transform
moduli, X, , along with the maximum
Umax (w) afid the minimum Unin (0} of the
corresbondxng functions. The ¢urves
of Fig.”12 along with the systems’ .
frequency response function,” H{w), pro=--°-
vide the input required to compute the
systems maximum response amplitude for
any input time history whose Fourier
transform moduli is less than or equal
to the envelope, X, and whose! corre-
sponding Fourier transform phase o
function (phase angle) is bounded by
Upax (@) and Umjn(w). That is, these are
the required field data determined
functions which are used to evaluate
the integral of Eq. (20). In evaluation
of this integral, time and frequency
increments were selected so that fast
Fourier transform techniques could be
used to compute the Least Favoiable
Inputs given by Eq. (21). That is

1 .22

t = Naf < §ao ¢
!

Frequency response functions were
generated for both single degree-of-
freedom systems and multiple degree-of-~
f_.eedom systems, each represeiting
critical components within a complete
hardware system. The single degree-of~-
freedom systems provided a relatively
simple means of checking theory and
computational techniques. They also
provided a logical basis for comparlng
shock spectrum and Least Favorable
Response techniques, since shock spec-
trum is only rigorously appllbable to
single degree-of~freedom systems.

The multlple degree-of-freedom
systems were aiso used ‘to obtaln results
which could be utilized to compare shock
spectrum and Least Favorable Fesponse
methods. i

Four systems were used in the study,
two single degree-of-freedom systems
and two multiple degree-of-freedom

systems.: < Eaclr system whose input-and - -
response are defined by %(t) and ¥,
respectivelv, were identified with a

case number. f

Case 1 was a single degree-of-
freedom system (critical component)
having a resonance frequency of 650
Hertz and a critical damping ratio
of .03 (see Fig. 13). The resonance
frequency was such that it corresponded
to a notch in the ensembled field
Fourier spectra and thus requiring its
driving point impedance to be rela-
tively large compared to the source
impedance.

-
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10 YT yenr—r rrerem

«} Modulus

* |
: 1
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-
10 r vy T——t—rr-r —_——r—r— -

0 ’ 10° 10! 10"

Frequency (Hertz)

1580

Phase Function

N

RNPLITUOE
-.30

oy MRS I a Rt s
Frequency (Hertz)

.- Pig. 12 - Envelope of moduli of Fourier

transforms ‘and correspondlng maximum
(U(m)ma } and minimum (U(m) ) phase
functions.

Case 2 was a single degree-of-
freedom system having a resonance of
800 Hertz and a critical damping ratio
of .03 (see Fig. 14). The resonance .
frequency was such that it- corresponded
to a peak in the ensembled field <
Fourier spectra requiring the driving :
point impedance of the component to be
small compared to the source impedance.
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Fig. 13 - Single degree-of-freedom
frequency response function with
resonance at 650 Hertz, (Case 1).
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Frequency (Hertz)
Fig. 14 - Single degree-of-freedom

frequency response function with
resonance at 800 Hertz. (Case 2).

o emee e b e aae e .



ces

e - R N . “ °

Case 3 was a two degree-of~-freedom
system having non-uniform damping char-
acteristics and closely coupled reso-
nance frequencies as shown in Fig. 15.

These frequencies corresponded to a

o o Yorc

‘notch and a pzak in the ensembled

Fourier spectra.” The first resonance

" corresponding to a high-driving point

impedance compared to the source
impedance and the second resonance
corresponding to a low-driving point
impedance compared to the source. The
frequency response function utilized is
that between the input and the second
mass.

10 % ———rrrrrr
Modulus

T v——rTrYY

A b AAAAS b A A

ATLITIE

1074

10" - R -
0! 0t 10’ 1
Frequency (Hertz)

Phase Function

dd . C e < PN LT

APLITUDE

A -aa0
o

& 008

———r—rTY

oy RN e YA
Frequency {(Hertz)
Fig. 15 - Two degree-of-freedom

frequency response function with
closely coupled modes. {(Case 3)
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Case 4 was a two degree-of-
freedom system having non-uniform
damping characteristics and little
coupling between resonance frequencies
as shown in Fig. 16. The first reso-
nance corresponding. to a high-driving,
point,. impedance ‘as compared to the
impedance of the source and the second
resonance corresponding to the imped-
ance when compared to the source
impedance. Again the frequency response
function is that between the input and
the second mass.
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Fig. 16 - Two degree-of~freedom

frequency response function with
remotely coupled modes. (Case 4)
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“'STUDY RESULTS

These four cases corresponded to
some of the limiting situations which
one can encounter in the critical
component/environmental source rela-
tionship (1].

-

Critical component maximum response
amplitudes including field data Fourier
transform phase angle information com-
puted via Eq. (20) for the four fre-
quency response functions of interest
are shown in Figs. 17 through 20, where
they are compared to Least Favorable
Responses computed with the same field
data time histories and frequency
response functions. It is seen that,
for the decaying periodic time histories
considered, including field data Fourier
transform phase angle information
reduced peak response amplitudes
approximately 3C percent while still
representing an upper bound on the
fia2ld response amplitudes. A detailed
summary of the results and comparison
with the results obtained by conven-~
tional shock spectrum techniques is
given in Fig. 21.

It should be pointed out that if
the bounds of allowable phase functions
are small and Upjaflw) + Upax(w), and
if the envelope o? the moduli is light,
i.e., |Xj(w)| » Xg for all i, the
resulting Least Favorable Input with
Fourier transform phase angle reduces
to duplication of the original input
time histories, and corresponding
response becomes exactly the critical
component response.

SUMMARY AND CONCLUSIONS

< Least Favorable Input and Response
calculations including bounds of allow-
able phase angle have been performed
numerically and compared with the usual
Least Favorable Inputs and Responses,

It is seen that for the class of
input time histories considered,
decaying periodics, the typical con-
servatism factor of 2 can be reduced
to typically 1.3 by including field
data established bounds on allowable
phase angles. Also, as established
bounds on allowable phase angles
approach each other and as the moduli
of the field data Fourier transform
approach that of the envelope, X_, the
analysis reduces to reprcduction of
the original time histories.

2 .
.20 M08 -

Acceleration (107g)
Y- .00

«3.200

- 59g

-3.00

-2 00

san 0 W8 @ LB L L 2

Time (1072 sec)

2 0m

(b)

by

+ 1219

Acceleration (102 g)
o

§

s - 132g

ad

g

"o e e e 3.@ 1.30 Wn
v - c'l"ime_(lo.z sec) o -

Fig. 17 - (a) Least Favorable Response
for the frequency response function of
Case 1 and the five ensembled time his-
tories, and (b) is a response obtained
when including Fourier transform phase
angle enveloping.
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for the frequency response function of
Case 2 and the five ensembled time his-
tories, and (b) is the response obtain-
ed when including Fourier transform
phase angle enveloping.
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Fig. 18 - (a) Least Favorable Response _  ‘Fig. 19 - (a) Least Favorable Respofise

for the frequency response function of
Case 3 and the five ensembled time
histories, and (b) is the response ob-
tained when including Fourier transform
phase angle enveloping.
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Pig. 20 - (a) Least Favorable Response for the frequency response function of Case
4 and the five ensembled time histories, and (b) is the response obtained when
including Fourier transform phase angle enveloping.

1000
] s
3 « s
- F ,.' ~
L) LFI FOR CASE | i ’ : -
T 2 LFIFORCASE2 S (R T L) I !
o LFR
L3 LFI FOR CASE 3 . LFRe : -
L4 LF1 FOR CASE 4 > -1 . o
LFR LEAST FAVORABLE w . LFR [} - LFRe
RESPONSE 9 Los LFRe oo b )
FM  FIELD MAXIMUM Elw4tou L - .
Lez .y . B Tk
L8 LFO FOR CASE 1 i 1le ()] R & .
L& LFOFORCASE2 . , < i . R k-
< .c . o Y St M 4. o6 . 4 [ e
L83 LF8 FOR CASE 3 ﬁ( < < v < ¢
: L84 LFo FOR CASE 4 © o j G2 c L c »
LFRO LEAST FAVORABLE
RESPONSE b ' +
10
| weur CASE!  CASE2 CASE) CASEY
CRITICAL COMPONENT RESPONSE

Fig. 21 - Summary of input and response peak amplitudes.
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DISCUSSION

Mr. Koen (Bell Laboratories): You overlapped
the phase angle you have a minimum and a maxi-
mum. Did you chose a value of phase in between
the two, or what value phase did you chose to
give you the worst condition?

Mr., Wolf: You have to go back and look at that
integral and chose whichever produces the °
maximum response.

<

Do. you mean somewhere between those?

Mr, Wolf: No.

Mr. Koen: 1Is it either the minirum or the
maximum?
Mr, Wolf: 1t is either the minimum or the

maximum that bounds it. But you pick the one
that results in the maximum response in that
integral.

Mr. Gertel (Kinetic Systems): 1s it necessary
to know the system in order to get this least
favorable response and thereby determine the

input that produces that? . < e g
P ) c tee . .

< <

Mr. Wolf: Yes, : : B e

Mr. Gertel: So the limitation of the system is
that you must know the characteristics of the
system that you propose to test?

Mr. Wolf: Right but being good designers we all
claim to know that?

Mr, Gertel: T wouldn't dispute that. I am just
projecting the possibilities of a generalized
type of requirement. Could we extend your method
by just continuing to hypothesize numerous
systems and then come up with some new composite
environment that might be used for a generalized

© c
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case, or perhaps the system 1{s not really
applicable to that?
Mr, Wolf: 1t is flexible to the degree that
you know what the response function is. There
is a lot of work being done in trying to define o
that; especially in the areas where you take . . - Lt °
ratios of very small numbers; there i3 statis- ‘ ‘
tical theory being applied and there is also a
lot being done in smoothing of the measurements
in terms of measuring the frequency response
function. So yes, the limitation, in terms of
how well you know the response function is really
a limitation of the analysis, but it does encom- <
pass a pretty generalized sort of response
function. ¢

Mr. Forkois (Naval Research Laboratory):
you correlate this with the damage of the
system? If you have the data from a field
system can you determine whether it i1 in a .
damaged or an undamaged condition? I think the
criterion should be the duplication of the

damage in the laboratory that you had out in

the field, and this is associated with fragilicy

levels and sensitivities of the equipment. We

may have a 10 cent correction and we are spend-

ing a million dollars to test the equipment,

You test something and you don't want it to be

damaged this is the essential point. What con-

stitutes damage to this particular critical

item?

Could

Mr. Wolf: With this sort of approach you end up
subjecting .he hardware to a minimum of oscil-
lations, that is the problem of fatigue is

minimized. In additior you have guaranteed

yourself that to within the limits that the

field data is known, and the limits that the

respongse function is known that the test item

will survive. There is another point; yeaterday

there was a discussion the cost effectiveness of
setting the environment levels there was one

factor that should have been included, namely

the mental anguish factor associated with a

failure. .I'm not sure the cost of that can be . : .
put in dollars and cents. ) )

Mr. Bogdanoff (Purdue University): I am P

familiar with the work of Drenick in connection
with least favorable inputs and this arose in
the area of earthquakes, He hypothesized an
{input at a given location where, data is far
ramovedc from that particular spot and he also .
got worst Tesponses which were roughly a factor . ¢ et
of two bigger than others that will meet similar
criteria. You got the same thing. Kow the
questicn still boils down to this; when you
start tempering the response for a suitable
design value you have not indicated, at least

as far as I can see, any way in which one can
cut this worst case down with some notion of

the probability that the design value will not
be exceeded.

Mr. Wolf: There are a number of papers extend-
ing this philosophy but using probability theory.

Mr. Bogandoff: This ig still not a solved
question, it 1is-ad~hoc at best.




[

"

Mr. Wolf: You still have the question of what
is the probabilicy of something occuring to a
certain level, that i{s not considered here and
that 1is probably next on our agenda.

Mr. Sanders (Rockwell International): I think
your paper is s pretty valuable contribution,
but you addressed yourself to that undertest

or overtest subject and my experience has been
that most of those are associated with failures.
Secondly you limited yourself to linear systems
and any system that I know of that approaches a
failure mode becomes nonlinear. And if you
look at & structural failure of any type when
it starts ylelding it is no longer linear and
many of them are not linear otherwise. Are you
projecting this system into the ares of failure
conditions because this {s the one that really
grabs management? They don't care whether you
vibration test or shock test so long as you are
not associated with that problem, and I think
that is a direction where we need answers.

Mr. Wolf: We have tossed around how we include
a nonlinear response function and I am not sure
vhere it is going to go from there, but I'd

1like to point out that there is another case
where it is important, and that is not when you
are concerned about the survivability of a
little electronics black box in the structure.

1 know what the response function of the black
box and I have to muke sure that the black box
is going to work and that it will see the right
enviromment in the laboratory; there we can do
a pretty good job still having a linear response
function and still talking about a failure mode.

Mr, Fritz (General Electric Company): How would

you consider the interaction effects? Many cases
of shock problems have interactions leading to a

spectral dip effect which is quite serious.

Mr., Wolf: We haven't considered that at all.
Perhaps Art has a comment,

Mr. Witte: Are you talking about the reactive
portion of the specimen, the mechanical imped-~

ance problem?

Mr, Pritz: 1'm talking about the case when the
equipment can interact with the shock, which is
a typical situation in many cases of shock, such
-as shipboard shock. They have called it the
spectral dip effect. B

¢ ¢

Mr, Witte: We tried to consider this when we
had chosen our critical component cases. In
the first case, where the peak corresponded to
a notch in the Fourier spectrum, we assumed
that the impedance of the test specimen was
high compared to the impedance of source and
you would get thic dip effect. There is a~
great deal of data when you start comparing
all of these things, and we have compared this
data in tabular form in our paper, think
that when you look at it you will see some

interesting comparisons. /

/
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Mr, Fritz: My second question concerns the
phase problem. When you started cut saying you
would minimize the phase error I expected you
somehow to get into the physics of the problem.
That 1s if you had a spectrum you could always

" develop a systea that would give you the worst

possible additions of the phase response to
that spectrum.

Mr, Wolf: Yes and that condition is the least
favorable response. The effort is then to back
off from that to the extent that we know what
the phase is, .

Mr. Gertel: Interestingly there was a paper
presented in a similar vein in that they used
these various Army earthquake techniques for
reconstituting a time history from an earth-
quake or a ground motion shock spectrum. Are
you familiar with that concept, and if so, have
compared your least favorable response shock
motions to the earthquake type motions?

Mr. Wolf: Although this least favorable
analysis evolved from the earthquake people,
and we have branched off from it, we are not
in very good communication with what they are
doing at this time.
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° . . MATCHING SHOCK SPECTRA WITH SUMS OF .

. ' DECAYING SINUSOIDS COMPENSATED FOR
SHAKER VELOCITY AND DIEPLACEMENT LIMITATIONS

D. O. Smallwood and A, R, Nord
Sandia Laboratories
Albuquerque, New Mexico

The use of sums of exponentially de~aying sinusoids to match
acceleration shock response spectra offers several advantages. The
principal disadvantage is that the resulting transients do not have
zero velocity and displacement changes, and hence cannot be accu-
rately reproduced on existing shaker systems. A method is described
in which the decaying sinusoids are modified to reduce the velocity
and displacement changes to zero. Basically, the method used is to
add a negative amplitude, time shifted rapidly decaying sinusoid to
the transient, It is shown that the values of the amplitude and delay
can be used to control the change in velocity and displacement,
respectively., The frequency can be used to control the low-frequency
content of the waveform, The value chosen for the decay rate is
apparently not critical, Examples are shown to illustrate that the
displacement waveforms can now be predicted. A method is also
described for picking the decayving sinusoid components to match a
given shock spectrum, First, values are picked assuming each
component acts independently from the others, A family of nor-
malized acceleration shock response spectra curves can be used
for this purpose., These values are usea as the initial values in a
cemputer routine which will then modify the magnitude of the com-
ponents to match the spectrum. The resulting synthesized pulse can
then be reproduced on a shaker using digital techniques,

< P . < . o € < ¢ ¢ ©
© o K < @ o c .

The desired

value for the acceleration

A Amplitude scale factor fo. a decaying
sinusoid (see Eq, 1)

O The calculated acceleration shock
< * response at the frequency wg e
. e ° S ¢ es < . D <

Frequency, «/2n

3

i J-l or an integer subscript

m The subscript "m'' refers to values for
the velocity and displacement compen-
sating pulse.

n The number of summed decaying
. sinusoids

sx(t)
«e(t)

x(t)

shock response spectrum at the frequen-
ey w

Time

Unit step function o e ¢

c <G ¢ ° °
' Displacement at any time
Velocity at any time
Acceleration at any time

Decay rate {see Eq. 1)

Damping ccefficient, fraction of
critical damping
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-, 'level pulses for system equalization.

a

T Delay {sec)

w Circular frequency (rad/sec)

- INTRODUCTION . | ' ‘ ¢ e e .

< . e

It has been recognized for many years
that electrodynamic or electrohydraulic
shakers could be used to simulate many tran-
sient field events, As the shock spectrum of
the environment was the most common tool for
characterizing these events, efforts centered .
around the development of techniques to re-
produce a time history on a shaker system
which would match a specified shock spectrum,

Many different time histories can be
generated which will match the same shock
specirum, These waveforms can be quite
different in appearance and it is not clear that
they will all produce equivalent test item
damage in the laboratory. However, since
field environments can also produce time
histories which are quite different in appear-
ance, it has not been shcwn that a single
method for generating time histories will be
superior for simulating all environinents,
Many methods should be available, and the
particular method chosen should depend on the
general characteristics of the field time his-
tories.

Several analog techniques [l, 2, 3] were
developed which would produce time histories
whose shock spectra would match a wide
variety of specified shock spectra. These
techniques are generally difficult to set up and
usually require the application of many low-
After
LeBrun and Favour [4] published a method for
reproducing very complex time histories on a
shaker system using digital techniques, it was
only natural that the versatility of digital
methods would be exploited to produce methads
for generating time histories whose shock
spectra would match specified spectra. It was
alsb recognized by the developers of the c
various methods [5, 6] that for accurate re- °
production on a shaker system a time history
should have zero velocity and displacement
changes,

There are physical reasons to believe
that many acceleration-time field environments
can be represented by sums of decaying sinus-
oids [7] and the examination of field records
supports this conclusion. For this reason
pulses of this type were considered as one of
the available methods for simulating transient
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events in the laboratory. Séveral of the early
analog methods [2, 3] used pulses of this type.

A disadvantage of decaying sinusoids is
that nonzero velocity and displacement

_changes are characteristic of these transients.

The velocity and displacement changes result
from the fact that each half-cycle of the
acceleration-time waveform is smaller than
the preceding one; hence, there is an accumu-
lation of area (i.e., velocity) as the accelera-
tion is integrated. Techniques using these
pulses were moderately successful because
the shaker system will act as a high-pass
filter removing the low frequency energy from
the waveform, This, combined with the
flexure restoring force, will force the velocity
and displacement to return to zero. The
manner in which the acceleration-time wave-
form will be distorted to remove the velocity
and displacement change will be characteristic
of the individual shaker system used. This
makes it difficult to predict the velocity and
displacement waveforms until after the test is
run. The velocity and displacement waveforms
are important as the shaker system places
limits on the magnitudes which can be re-
produced, The magnitudes of the velocity and
displacement requirements for a given accel-
eration waveform are useful for test planning
as will be illustrated in a later example.

The purpose of this paper is to show that
if the pulses are modified to remove the veloc-
ity and displacement changes, more accurate
control of the acceleration, velocity, and dis-
placement requiremernts will result, Pro-
cedures for synthesizing a pulse, nsing digital
methods, to match a specified shock specirum
are also discussed.

MODIFICATIONS OF ACCELERATION-TIME
DECAYING SINUSOIDS TO OBTAIN ZERO

VELOCITY AND DISPLACEMENT CHANGES

. The basic waveform will be a sum of
several decaying sinusoids as given by Eq. (1}, _

<

‘n “Lute
X(t) = Ae ! sin wi .
;x i i

The acceleration, velocity, and displacement
time histories for a single component are
shown as Fig. 1.

(1)

As mentioned earlier, the velocity and
displacement changes are not zero, A sum of
several decaying sinusoids will exhibit a
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Fig. 1 - Decaying sinusoid acceieration,
velocity, and displacement
characteristics

similar characteristic, If a pulse could be
added having velocity change opposite to the
velocity change of the basic waveform, the net
velocity change would be reduced to zero, A
similar argument can he used to reduce the
displacement change, '

Let
- w
n (i it

Aie
i=1

sin w.t

X(t) = Ut A
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where | c ¢ e
U(t) is a unit step function, i.e,,
Ut) =0 fort <0

=1fort20 ,

The time shifted term has Leen added for
velocity and displacement compensation,

Integrating the velocity becomes
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Integrating again the displacement becomes
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By substituting Eq. (5) into Eq. (3) and
letting t ~» = it can be seen that the vesidual
velocity will be zero, Therefore, once w,,
and (m have been picked, Am can be used to
control the residual velocity. Similarly, 7 can
be used to control the residual displacement,
In fact, by substituting Eqs. (5) and (8) into
Egs. (2), (3), and (4), it can be shown that

fort<-+r

x(t) = x(t) = X(t) =

and fort ~=

x(®) = x(=) = X(=) = 0,

which are the desired houndary conditions.

The value chosen for the decay rate, L’m is not
critical. { = 1 is a typical value. It will be
shown that Wy, Ca1 be chosen to control the
low frequency ro l-off of the modified acceler-
ation-time histo:y's shock spectrum. Proce-
dures for pickirg the Ay's, wy's, and {'s are
given in the ruxt sectxon

Once tne parameters «_, { » Ay's, and
w;'s have been picked Eq. (5) can be used to
solve for A,. Then, Eq. (6) can be used to
solve for 1'.

Letting t be greater than T in Eqs,
(3), and (4) gives

(2),
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Note that for t > ¢ the acceleration, velocity,
and displacement functions are sums of de-
caying sines and cosines. Therefore, it is
reasonable io expect that for many cascs the
wave forms of all three to be similar. 3e-
cause the velocity terms and the displacement
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. terms are divided by « and u? respectively,
the velocity and displacement time histories
tend to be dominated by the low frequency
terms, This sometimes gives the waveforms
an appearance different from_the acceleration
. «~'waveform. It is also reasonable to expect . .-« ¢
that the magnitude of the maximum positive
and negative peaks will be nearly the same,

It is permissible for all the sinusoids to
start at a different time, For example, if
%(t) is defined by

© o

-L
Uit - ri) Aie ‘

-
HOED)

i=1

(4lt-Tp

sin wi(t - ri)

& w_(t+7)
+UR+TA e m m

(10)

sin u:m(t +7)

The required mal_;ﬁitude for Amcis the sénfe as
before (Eq. 5) and the required 7 is given by

wm(rfn+ 1) 26 A

Ts= m 3 + .
m u:2 (CZ + l) izl
. m m ) i
AT
11
—
w
i(ci * ’)
< < @ - ° ° ¢ o Q 3 ’0 -
. 2LA, ce S
o : + 3 . 1y

w? ({f + 1)2

) In summary, the required velocity and
displacement compensation can be accom-
plished by adding a time shifted, rapidly de-
caying sinusoid. The low frequency roll-off of
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the shock ‘Spectrum can be controlled with
W, the velocity change with A, and the
displacement change with the time shift r,
Examples in a later‘section will illustrate the

- waveforms which can be expected and the o
"advantages over nontompensated‘waveforms; - °

PROCEDURES FOR MATCHING

ACCELERATION SHOCK SPECTRA

WITH DECAYING SINUSOIDS

The normalized acceleration shock

spectra of a 3% critically damped system for
a single frequency decaying sinusoid is shown
as Fig, 2, The actual peak response ratios as
a function of the decaying sinusoid decay rate,
{, for different values of critical damping, 7,
are included as Fig., 3, Appendix A gives the
value of the peak input as a function of the
magnitudes, Ai' of the components,

To match a specified shock spectrum,
first sinusoid components are picked for each
peak in the shock spectrum.,

lm T TV rrey ¥ T T L IiTver - -
3 P -
[ OSCILLATOR DAMPING )% 7

8 Koo fwt sinwt p
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ot A L 1itt A L L L iLi)

0.1 |} 10
NORMALIZED FREQUENCY (Unlu)

Fig., 2 - Normalized shock spectra for a
single frequency decaying sinusoid
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Fig. 3 - Peak response ratio for a decaying sinusoid

If sufficient information is known about
the decay rate of the original field data, this
information can be used to aid in picking the
decay rates, ;. Nelson and Prasthofer 7]
also offer suggestions for picking the decay
rates, Frequently, the shape of the shock
spectra curves as shown in Fig, 2 can aid in
picking the decay rates, {;. The amplitudes
are then chosen, using Fig. 3, for each
sinusoid, assuming each component will act
independently. The amplitudes, A, can be
either positive or negative. Nelson and
Prasthofer [7] show that the values for the
shock apectrum at frequencies between the
wi's can be changed by changing the signs of
the Ai'B. ; .

« . ", <, ¢ ¢ ° < . &

The frequency of the compensating pulse
is then chosen by noting the lowest frequency
for which the shock spectrum is to be matched.
Later examples will show that the frequency,
W, Should be one-half to one-third of this
lowest frequency, The decay rate for the com-
pensating pulse is then chosen (any value be-
tween 0.5 and 1.0 will usually work), A
manual or computer aided iteration is then
performed to refine the values for the ampli-
tudes, A;. A program has been written to aid
in this step. A block diagram of the computer

.
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code is given as Fig. 4. §; is the desired
value of the shock spectrum at the frequency f;.

TITIAL TNPUT
TR R
“" :m
$
CAMCULATE A

AMD T

CALCULATE SHOCK |
SPECTRUM (B,) AT

CH FREQUENCY 2

COMPARE
SHOCK SPECTRUM
AT ACH w; WITH
™E DESIPED
YALUE Si

<

COMPUTE NEW A

A

A S
i1new) O‘ ilold)

"NVMI!SO'Ai. :‘.
. .i' hm, w

w :NI
ACCELERATION, VELOCITY AN
DISPLACEMENT REQUIREMENTS

COMPUTE ANO PLOT SHOCK
SPECTRUM OVER THE
FREQUENCY WANGE OF INTEREST

Fig. 4 - Flow diagram for picking decaying
sinusoids to match a given shock
spectrum
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The iteration method shown in Fig, 4
will not guarantee convergence; therefore,
operator interaction is provided to stop the
iteration if convergence does not occur. This
presents no real difficulty as the program is .

run’on & time-shared interactive computer. © -

The plotted shock spectrum is then com-
pared with the desired spectrum. If conver-
gence did occur, the spectrum will match the
desired spectrum at the frequencies w;. How-
ever, the values of the spectrum at inter-
mediate values may not be at the desired
levels, If the intermediate values are too
high, the decay rates {; can be made smaller.
If the intermediate values are too low, the
decay rates can be increased or components
can be added at the intermediate frequencies,
Care should be taken to match the notches in
the spectrum as well as the peaks, as evidence
exists [8] to indicate that they may be more
important than the peaks. The velocity and
displacement requirements can be adjusted by
changing w,,. In general, raising w, will
reduce the velocity and displacement require-
ments. The procedures are then repeated
un‘il a satisfactory fit is obtained.

The transient can then be reproduced on
a shaker system using digital or ana'og tech-

niques,’ : . . e

EXAMPLES USING MObIF!ED DECAYING
SINUSOIDS

Several examples will now be given to
illustrate the waveforms which can be expected,
and to show the advantages of the modified
waveforms over non-compensated forms.

Example 1

Consider a single 100 Hz, 10% decay rate,
1g decaying sinusoid. For compensation, a

Je = 199 Hz, 50% decay: rate decaying sinusoid will

be added, For this case Egs. (5) and (6) re-
duce to

) /Sdlvilt'ig" thgse\‘eqaatiéng'g‘ivese;“ B

<

A9

s e
segd e s

©

Am : -1.24 g

?l}d . DIV c,oc .oC . ¢

B o o

r = 0.958 msec

The acceleration, velocity, displacement and
shock spectrum for this waveform are plotted

as Fig. 5. ) -
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Fig. 5 - (Example 1) 100 Hz, 10% decay rate

decaying sinusoid with a 100 Hz
velocity compensating pulse
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Fig.. 5 - (Example 1) 100 Hz, 10% decay rate
' decaying sinusoid with a 100 Hz €
velocity compensating pulse

While a compensating pulse with the same
frequency as the primary pulse can be used,
the shock spectrum will be significantly dis-
torted fromi that of the primary pulse alone.
The velocity and displacement waveforms are
quite symmetrical (i.e., the positive and
negative peaks are approximately equal in
amplitude and number) making efficient use of
the shaker capabilities,

Example 2

Again, consider a 100 Hz, 10% decay
rate, 1g decaying sinusoid. For compensation,
a 10 Hz (one-tenth of the primary frequency),
100% decay rate pulse will be used, Solving
Eqs. (5) and (6) gives

Am =-0,198 g
T . O,QISG sec

The acceleration, velocity, displacement, and
shock spectrum are shown as Fig, 6. The
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Fig. 6 - (Example 2) 100 Hz, 10% decay rate
decaying sinusoid with a 10 Hz
velocity compensating pulse
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Fig. 6 - (Example 2) 100 Hz, 10% decay rate
decaying sinusoid with a 10 Hz
velocity compensating pulse

shock spectrum now shows little distortion
above 30 Hz, This is a general result. The
shock spectrum can usually be matched to a
frequency extending down to about two to three
times the compensating frequency. As the
compensating frequency is lowered, the veloc-
ity and displacement requirements become
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larger. In this he;(émpfe,v the cii‘iSpiacéxﬁe;xty': -

R o = 5 ¢

requirements are six times the displacement
required for Example 1. It is seen that a
compromise can be reached, trading low-
frequency performance for lower displacement
and velocity. requirements, This can be very
useful when attempting to match a shock
spectrum to as low a frequency as possible
while remaining within the capability of a
particular shaker system,

Example 3

In this case, a complex shock spectrum
[6] will be matched by adding five decaying
sinusoids and a compensating pulse. This
example is included to illustrate the complex-
ity of spectra which can be matched, and to
show how the pulse can be tailored to give the
maximum low-frequency performance while
remaining within the capabilities of a shaker
system. The assumed limits of the shaker
system were 8 inches, peak-to-peak displace-
ment and £100 in/sec, velocity. Three
iterations were required to arrive at the wave-
form shown. The acceleration, velocity,
displacement, and shock spectrum are shown
as Fig. 7. The sinusoid components are given
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Fig. 7 - A complex shock spectrum matched
with velocity compensatated decaying
sinusoids
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ExamEle 4

in Table I, The acceleration and velocity
waveforms will return to zero for times
exceeding one second. An acceptable match
of the shock spectrum is achieved down to

3 Hz,

c

This example is included to illustrate
how a shaker system will typically distort a
waveform if compensation is not used, For
this example, a single 40 Hz, 5% decay rate,

" 15 g decaying sinusoid will be shown as

actually reproduced, using the techniques of
LeBrun and Favour [4] on a slip table driven
by an MB C220 shaker.

The pulse was reproduced in two forms -
first, without compensation and, second, with
a 10 Hz, 100% decay rate compensating pulse
added. For the compensated pulse

2 7,4
Am 7.48 ¢

DISPLACEMENT (i)

0.0 0.2 0.4 0.8 0.8 1.0
TIME {sec)
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x SINUSO1DS WITH VELOCITY ]
¢ COMPENSATION

1 10

100
FREQUENCY (Hz)
(b)

Fig. 7 - A complex shock spectrum matched
with velocity compensated decaying

> =

0.0155 sec,

sinusoids

TABLE 1
Components for Example 3
Freq. (Hz) Decay Rate () Amplitudes (g) Delay (Sec)
1 1.0 -5,82 0
-4 0.5 .. 10 . 0.136
14 0.17 10 0.136
28 0,007 0.136
38 0,035 2 0,136
110 0.018 10 0.136

< C

The results are shown as Figs, 8 and 9,
‘The ideal or desired acceleration for each of
two waveforms is shown on the left side of
Fig. 8, The waveforms, as they were actually
reproduced, are shown on the right. The ideal
or desired displacements for each waveform
were computed from Eq. (4) and are plotted on

b2

c° . R Te < B ° t. 4
. °o ‘ 3 c - z

the left of Fig. 9. These are the expected

displacements if the acceleration time history

is accurately reproduced.

The actual table displacements, as
measured with a displacement transducer,
are on the right.

o




Fig. 8 - Desired and actual acceleration time histories
for Example 4
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Fig. 9 - Desired and actual displacement time histories
for Example 4
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. The actual compensated. acceleratxon

‘cwaveform was quite close to the desired wave-

CEN

fc

<

.been;

form, The actual noncompensated accelera-
tion waveform was also quite close to the de-
sired waveform except that the first few posi-
tive peaks were smaller than they should have
This is the'effect 6f-the shaker acting as
a high-pass filter and the flexure restoring
force, removing the velocity and displacement
changes. This observation is confirmed when
the actual noncompensated displacement is
examined. The theoretical noncompensated
displacement becomes very large for large
times, where the actual displacement returns
to zero. The actual compensated displace-
ment, while somewhat distorted, is very near
the theoretical value. Thus, the objective of
being able to predict the displacement require-
ments has been accomplished, The importance
of this is reinforced by examining the results
of a hypothetical 30 g experiment instead of

the 15 g experiment, The noncompensated
pulse would have required a displacement of
0.72 inch, exceeding the 0.5 inch limit of the
shaker, The shaker armature would have
driven into the mechanical stops, seriously
distorting the pulse and abruptly ending the
test. The compensated pulse would have re-
quired a displacement of 0.2 inch, well within
the shaker capabilities, More importantly, the
operator could have predicted the displacement
requirements for the compensated pulse before
the test and proceeded knowing that the dis-
placement limits of the shaker would not be
exceeded,

CONCLUSIUNS

Several different methods for reproducing

"a shoek spectrum.on a shaker system ‘are use- °

ful for different applications, One method
which is useful for a large number of applica-
tions is the sum of several decaying sinusoids.
A disadvantage of the decaying sinusoid method
is a characteristic nonzero velocity and dis-
placement change' which makes the prediction
cof the @eloc:ty and displacement requirements
dszxéﬁlt A niethod has been demonstrated
whiclf will’ permit the determination of these
requirements by modifying the basic waveform.

-The modification can be easﬂy implemented

using digital methods.

c
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APPENDIX A

Magnitude of the First Peak
of a Decaying Sinusoid

) c . . € c
« . B e P

Let a time history be deﬂned( by

Lwt

alt) e *“ ginwt t20 (A-1)

To find the magnitude of the first peak
differentiate Eq. (A-1) and set equal to zero.

:—: » me-cwt (cos wt - { sin wt) .

:—ta- will be equal to zero whenever cos wt

1

= ¢ sin wt or wt = tan" . (A-2)

Y

The first peak will be for 0 € wt <

L E

Substituting wt from Eq. (A-2) into (A-1) gives
the magnitud= of the first peak. The results are
presented as Fig, A-1,

For small &, Amax = 1-1,87¢ .
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Fig. A-~1 - éeak amplitude of a decaying
sinusoid as a function of the
decay rate

DISCUSSION i
f

Mr, Forkois (Naval Reaearch Laborator ):
Wouldn't 1t be sfmplier to do portions of the
spectrum in sequence, for example, in frequency
bands of from 5 to 100 and 100 up to 500 etc
rather than trying to simulate the whole
spectrum at once? It seema to me that you have
an incomprehensible problem here.

AN
¢
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Mr. Smallwood! I will admit that you can do this,
but 1f you do:{t you have to Justify 1t and that
is perhaps thé more difficult problem. It is

not that difficult to match the shock spectrum

‘over & quite yide frequency band, from 10 to 20

Hz up to 2000!Hz, on a electrodynamic shaker as
long as you ate within the limitations of the
shaker system";
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’ A NATURAL PYROTECHNIC SHOCK SIMULATION* e
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. . .°A CASE FOR DAMPED OSCILLATORY EXCITATION A§ . °° L

D. B. Nelson, P. H, Prasthofer
Sandia Laboratories

Livermore, California 94550 .

A rationale is established for using decaying oscillatory excitation to
simulate a pyrotechnic environment.
suitable for use on electrodynamic exciters is developed, The advan-
tages of this technique in relation to the various descriptors of shock
severity are described and bounds are developed for the response.
These concepts are illustrated with a numerical example.

A methodology for specification

NOMENCLATURE

{a} Vector representation of system
accelerations

a, Acceleration of the sth system mass

Cj Modal damping coefficient

E - The infinite integral of the square of
a function

G(f) The Fourier transform of g{t)

glt) A real function of time

h(t) General system impulsecresponse

[~K] Diagonal stiffness matrix

[k] «© .- General stiffness matrix - :

[—M.] Diagonal mass matrix

[m] General mass matrix

U} Matrix of system eigenvectors

u, The element occupying the position

I corresponding to the intersection of

the jth row and the 7t column of the
matrix (U] e

{x} Vector representation of system dis-
placements ‘

x(t) A general response

y(t) A general excitation

[a] N x 1 matrix

*This work was supported by the United States
Atomic Energy Commission. Contract
Number AT-(29-1)-789,
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(81 N x 1 matrix

s(t) Dirac delta function defined as the
unit strength impulseﬁ(t) dt = 1
4 The fraction of critical damping of a
- single-degree-of-freedom oscillator
{n} Vector representation of generalized
system modal motion variables
wn Undamped natural radian frequency of

a single-degree-of-freedom oscillator

INTRODUCTION

Pyrotechnic shoeks oceur in the oper-
ational environment of virtually all aerospace
systems. Missile stage separations and deton-
ations of explosive components, for instance,
all impart shocks to the adjoining structures.
Such a shock, which can generate very high-
intensity local stress waves near its origin, is
transmitted into the rest of the structure,:in-
ducing vibrational motion. ‘Laboratory testing
of components’ and substructures which are
expected to encounter such excitation has been
the subject of considerable research over the
past several years. This research is moti-
vated, at least in part, by the development of
more sophisticated, and often more delicate,
componentry. The test levels imposed on such
systems by some test methods, e.g., unidi-
rectional pulses, in order to provide a sufficient
safety factor over the entire frequency range
may result in unnecessary and sometimes
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unattainable design requirements for the com-
ponents as well as for the supporting structure.

Pyrotechnically induced environments ex-
perienced by substructures and components are
often of such a nature that simulation and/or

. qualification testing using electrodynamic ex-
citers is feasible, The induced shock is usually
a transient oscillation lasting less tr.an a sec-
ond, with structurally damaging euergy corncen~
trated in the working frequency range of most
vibration exciters. Much attention has been
focused upon characterizing this type of shock
40 that a meaningful test specification may be
derived. There is much controversy related to
the traditional use of the shock response spec-
trum (SRS) versus the energy spectral density
{E:5D) as an indicator of the shock severity and
as an cnvironmental descriptor for shock test
specifications. Exclusive use of these des-
criptors for shock test specifications has re-
sulted in the development of test techniques
which employ excitation which neither resem-
bles the actual environment nor, in many
cases, adequately excites the test specimen.
Some of these techniques, in fact, often result
in severe overtesting. The attendant frustra-
tion has led to the development of very sophis~
ticated methods whereby a shock signature may
be specified and achieved on electrodynamic
exciters. {1,2] Other methods combine oscil-
latory functions of one form or another with the
SRS or ESD of the resultant acceleration as the
test criterion. The particular waveforms
specified by various test laboratories include
reproduction of actuzl field data, [1,2] wave-
forms derived from the inverse Fourier trans-
form of an ESD envelope, [3} und superposi~
tions of modulated oscillatory functions, [4~7)

- In this paper a case is developed for
specifying a superposition of exponentially de-
caying oscillatory waveforms as excitation of
the exciter-specimen system with either the
SRS or ESD of the resultant acceleration as the
accompanying spectral descriptor. Significant
features of the technique, which has been rou-
tlnely used at fandia I.aboratories for the past
twé veara, are as follows: ‘ .
1Y

c

" 1, If the ESD or the undamped SRS of
the recommended excitation envelops
the corresponding description of the
environment, it is guaranteed that
the "cnergy" of the response of all
system parts will be at least as

- great as that experienced in the field,

3

2. If the excitation of the exciter-
specimen system is judiciously
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chosen, a reasonable bound exists on’

the maximum system response.

3. "111;- excitation may be specified ina
straightforward manner using ex-
isting spectral descriptors.

" 4, <Sophisticated generation and equal- "

ization equipment is useful but not
required.

SPECTRAL DESCRIPTORS

An indication of the severity of shock ex~
citation has been classically expressed by the
SRS. The SRS hasg great appeal because of the
intuition it imparts to the analyst about the
physical effect of the shock. Much of the con~
troversy regarding itsuse has focused on the
proper range of its applicability. The SRS ina
rigorous sense applies only to structures that
can be modeled as single-degree-of-freedom
(SDF) systems. If the natural frequency of the
structure is not known, as is generally the
case, then by choosing a test waveform whose
SRS envelops that of the field data over the
frequency range of interest one is guaranteed
that the peak response of this SDF system
model to the laboratory test will be higher than
that due to the field environment, no matter
what its natural frequency may be. These con-
clusions are not valid, however, if the struc-
ture is multi-degree-of-freedom; this is easily
demonstrated by modal analysis techniques.

Consider the undamped description of a

‘multi-degree-of-freedom structure excited at

its base given by

Imfi} + [k]{x} fa] ylt) (1)

where yit) is the base displdcement, Differ-

entiating twice and letting {a} = {X} one obtains
Equation (2)
[(m){z} + x}a} = [@] F(t) ()

where ¥(t) is the base acceleration, Equation

:{2) may ke subjected to a transformzmon to

modal coordinates {8); i.e., let
fa} = (U1} - @)
where the columns of {U] are the system eigen-
vectors. Premultiplication by [U]T yields the

uncoupled (diagonalized) description of the
system given by Equation (1),

Mo {i} + RO A} = B ¥ 4)




If it can be assumed that [B] is the same
for the laboratory test as Jor the expected field -

*“envifonment, then by enveloping the SRS of the

environment with that of the test input motion
one {8 guaranteed that the peak response of each
modal variable n; to the laboratory excitation

will be at least as great as to the measured
-field excitation. Let the modal responses due :

to the environment be called n; and those from
the test vi. If the test SRS envelops the en-
vironment SRS, it is clear that

max lvjl z max [njl forallj (5)

° © a

The acceleration response of the M mass in
the N-degree-~of-freedom system may be ex~
pressed in terms of the modal coordinates as

N
a, = : u,,n, for the environment
e £ it

and
N
a‘,t .= Jg "jl'vj for t:he test

To assure that the peak response of each mass
in the test be at least as great as the response
to the field environment, it is required that

maxfa | 2 max lasel 6y

or

maxIZ Uy I z max [Z; /nJ[ (7)

- This; however, is not.guaranteeG by merely

satisfying the inequality shown in Equation (5);
i. e., the condition that the maxima of all the
individual v; exceed the maxima of the indivi-
dual mj does not imply that their sum does the
3ame, since, in general, the maxima of the nj»
as well as of the v;, do not occur at the same

time. Therefore, an arbitrary test method en-
‘veloping a specified SRS does riot guarantee that

the system will be adequately tested. . 3

A more definite statement concerning the
response of a system to a test may be made if
the ESD or the residual undamped SRS of the
excitation closely envelops the corresponding
spectral descriptor of the expected or measured
environment. The ESD of a function g(t) is de-
fined in terms of the corresponding Fourier
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transform G({), If the Fourier transform pair

_isdefinedas « ... . . .- . Lo

&

‘G - ’ git) e 12ty
: -

i

the "energy' is

¢ 2 '
E f g t)at (9)
-0 3

a

and, by Rayleigh's Theorem [91. may be ex-
pressed in terms of G(f) z

« 2
= f GO af (10)
~a0

The squared magnitude of G(f) is called the two-
sided energy spectral density and since the
Fourier transform of a real function exhibits
Hermitian symmetry, i.e., G(f) = G*(=f),
IG(-0)| = [G(f)], it is symmetric about f = 0,
Thus only the values for positive frequency
need be considered, which results in the alter-
nate representation for the energy.

* 2
© E =/ 21G(0) [ df (11)
-

where 2[(‘:(f)|2 is commonly called the one-
gided energy spectral density.

The response x(t) of any particular vari-
able of a linear, multi~degree-of-freedom
structure to an excitation y\t) |s given by the
‘convoiution ¢

t .
x(t) = hit) * y(t) E/ hirly{t - ) dr (12)
0

The Fourier transform of Equation (12) is

& . .

B gA 8 o
| X() 2 HO Y, . . Toa3y

and the response energy" is

© 2 ® 2
E f i)t f xofar a9
' ot -t

Substitution for X{f) yields

P




(15)

E - / mof vPar
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If another excitation u(t) is chosen so that the
corresponding ESD envelops IY(f)lz for all f,
i.e., ) e T :

P @ o (16)
and if H(f) can be considered constant, the
“"encrgy' of the respnnse to the excitation u(t)
will be at least as great as tho response to x(t),
This guarantee applies to any motion variable,
thug assuring adequate testing of the system in
terms of response "energy."” Note that no re-
striction has been made on the order of the
system, The only necessary assumptions are
that the system is lincar and that H{(f) is the
same for the test as for the environment. The
latter is hardly ever completely true but is
usually pres:med to be so.

The Fourier transform from which the
ESD is determined is intimately related to the
zero-damped residual SRS. The impulse re~
sponse of a zero-damped, SDF oscillator is
w, sinwpt for t >0. Consider, once again, an
excitation y(t) which causes a response x(t);
i.e.,

x(t) = y(t) = Unsinunt (17)

Now, as far as x(t) is concerned, the right-
hand side of Equation (17) could represent a
system described by the impulse response
frnction y(t), excited by a sine function of
frequency w, = 27f,. The steady state solution
of such an equation is

Y ) = wntxun)lsi}a Wt+d a8

where X(f,) is the Fourier transform of the
function x(t) evaluated at the excitation fre-
quency. The steady state peak, and also the
peak of the residual SRS, is then

-
¢

. m;i£|y;su)| . f»nran)l {19)’

Therefore, it is entirely equivalent tn specify

a test excitation so that either the ESD or the
residual unda.nped SRS is enveloped. In fact,
since the maxi-max SRS is always at least us
great or greater than the residual SRS, en-
veloping the 11axi-max undamped SRS guaran-
tees enveloping of the residual undamped SRS,
This, in turn, i1ssures the energy hound on the
response (albeit mnore conservative) developed
for the ESD enve ope. The use of the undamped
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" SRS in all cases is significant, in that envel-

oping a damped SRS does not guarantee that
the corresponding undamped spectrum will
also be enveloped.

The envelope criteria outlined ahove are
not completely adequate as environmertal de- .
scriptors or as specifications for laboratory
testing. Neither the SRS nor the ESD embodies
the clement of time to the extent that a coin-
pletely satisfactory restriction is imposed on
the duration of the excitation. Some measure
of this duration, however, can bhe ascertained
from the local ratio of the undamped to damped
SRS. The response of a damped oscillator to
a bounded input always has a finite bound. For
example, the peak response of a damped oscil-
lator to a unit amplitude sine functinn whose
frequency corresponds to the resonant (re-
quency of the oscillator is 1/2 {. This re-
sponse level, once it has been reached, is
then independent of any additional time dur-
ation of the forcing function. On the other
hand, the peak response of an undamped oscil-
lator to a sympathetic input always increases
with the duration of the input. Thus, the
longer the input, the greater the response nf
the oscillator. If one then notes the ratio of
damped tno undamped SRS levels, an estimate
of the time duration of the input may be ob-
tained, Hence, a dual specification of some
sort is required.

If the test method can be restricted so
that the excitation is a superposition of de~
caying oscillations, control of the test dur-
ation as well as the spectrum can be main-~
tained. Furthermore, the resulting response
acceleration signatures are reminiscent of
those commonly ohserved when the environ-
ment is pyrotechaically induced. This is not
coincidental, however, since most structures
respond naturally in this manner to impulsive
excitation.

STRUCTURAL RESPONSE

c P

Pyrotéchnic shocks are commonly
modeled as impulsive forcing functions, since
the duration of excitation is usually much less
than the response times of structural com-
ponents. When multi-degree-of-freedom
structures are impulsively loaded, all vi-
brational modes are excited with an intensity
which depends on the energy transmission
properties of the structure. The higher-
frequency energy (that above a few kllz) is
usually found to affect only those components
ne2r the pyrotechnic event, thus eliminating
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it from considéeration in nany s)qtcm \uhrntion

models, Hence, a finite! ‘linear, lumped=

element model of relatively low nrder is often

a very good approximatign of mechanical system

bch:\vlor.
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The system of différential equations

written in matrix form for an N-degree-of-
frecdom maodel with no damping and impulsive
loading is given by Equation (20) in terms of
the vector variable {x} which represents the
displacements of the model masses,

29,

o

[

[mf} « (k)fx} = fo) 8e0) (20)

where [m] and f{k] are Nx N, {e)is Nx 1, and
&{t) is the Dirac "delta function” representing
an impulsive force,

A transformation tb modal coordinates,
oe., §x} = [Ulin}, yields
=M} + S K} = 18] 6(0) @1)
|
where [~)M_] and [~K<]} are now diagonal
N x N matrices. The matrix [i}} is N x 1 and
{n} is the transformed dmplacement vector,

Introducing damping into the system via the
modal equations yields N equations of the form,

MA +C3 Kt 3 s0) (22)
I L R

The solution of ]Cqu:\tion?(:."z), with zero initial
conditions, is given by I‘?quntion (23)

B S
J ] )
© where <°. < . 23)
i e N2
LAy and wp - .\_]l -7

] . }

Thus, the displacement of the M mass in the
system model is & llneas combination of the
modal dlsplacemenie, i.e., from {x} “iv I{'ﬁ

)

c % sne‘chtafns | e ¢ 0o

i

N i

X, = Z U, (24)
BERE SR
Substitution of Fquation (23) yields
N -rt
X, = 2 u..A e I sinwt (25)
’ J:l R J
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oo ahére h(this the impulse response corres-

¢ -
w S e

which isca:superbdsfiti’oh“of N 6§pdnbntiﬁlfy de-

caying sinusoids, The corresponding acceler-
ation ¥, is, by two differentiations of Equation
(25),

° =3
‘naclch:. e .:Cc»,C - ¢
X, s u, A [(‘F.-u)sinut
4 DL,
-Y.t
-2vw coswtle (26)

which, for the case of light damping where
¥ << w, is also approximately a superposition
of decaying sinusoids,

It is interesting to note that for this
idealized case of light damping and uncoupled
modes, the response is made up of decaying
sinusoids that are either in phase or exactly
out of phase, depending on whether the u, ,
coefficient is positive or negative. 'Thus excit-
ation consisting of a superposition of decaying
oscillatory functions as a transient vibration
test of substructures or components which are
expected to experience pyrotechnically (im-
pulsively) induced environments a;pears to be
a natural choice. Furthermore the ESD and
the SRS of functions in this class are such that
reasonably detailed spectral shaping may be
achieved,

RESPONSE BOUND

Specification of oscillatory excitation
with a decay rate approximating that of the
expected or measured environment provides
some assurance that no part of the system
will be severely overtested. The response -
x(t) of any particular linear system variable
to an excitation y(t) may again be written as
the convolution

x() = hit) * y(t) @7

e

ponding to the variable of interest.. If the
impulse response and the .excitation are of
exponential order, i.e.,

h) s Mle-m (28)

and ’/
ly@) s M e'm,/ , (29)

2
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then the m"agnitude of x(t) is bounded; i.e.,

t
kit)] = L[ hér)yt = P d7|

. : €
1 3
“

- . I ¢ - 4 ‘e K "
b v f-[ hir)] |yt - 7)) dr = B(t)
(30)

where
° t -ar - (t-'r')
B(t) =.[ Mle Mze dr (31)

Carrying out the indicated integration yields

M. M
at e~Bt)

Blt) - TBL-'B% -

Hence if the environment is known to be of ex-
ponential order and if the test excitation is
specified to be of approximately the same
order, the system response to the test will be
bounded by the same value as the response to
the environment. The maximum value of this

(32)

bound B\1 is found to be
a
‘B, - e exp |- —ng (33)
o R] xp 1- i
o

and is plotted versus the ratio% in Figure 1.
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As an example of the utility of this bound,
assume a 5 percent damped SRS oscillator is
excited at its base by a damped sine acceler-
ation with a 2 percent decay rate, unit ampli-
tude, and a frequency equal to the undamped
natural frequency of the oscillator. The im-

‘ pulse response of the oscillator is approximately

«0,05w ¢t
h(t) = w e sinw,t (34)
and the excitation may be formulated as
-0, 02w t
yit) = e ¥ sinwt (35)

2

w T
where 1 02

B =0, 02un. Equation (33) yields a value of B“

Tw, Withoe =0.05¢ and
n n

of 10.8 g's, whereas the actual peak response
is about 5.5 g's. For this very simple example,
a better bound is Eg = 10, which is the peak
response to an undamped excitation. However,
the bound of 10, 8 g's is valid for any excitation
satisfying the inequality

-0.020 t
byt)] s e " (36)

irrespective of the waveform complexity.

WAVEFORM CHARACTERISTICS

It is recogn’ted that a damped sinusoid of
strict mathematical form is reither a realizable
acceleration specification for limited displace-

- ment equipment nor a good candidate for ex-
citation of a vibration exciter. However, with
a few minor modifications it becomes quite
acceptable for either. The classical form of
the damped sinusoid is given by the Laplace
transform pair

. Fls) - —28
< . A'[s+‘c)'+02 cre [ < .
‘ 3 ¢ ;‘37)
~fw t ¢
ft) = Ae sinwt
where
0s¢ <1
W o= W 1 - !2
n
c = tw
n
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'« The infinite integral ‘of t{t) is clearly nonzero;_

thereft)re. as an acceleration specification jit™ . <&

results in a residual velocity., - Furthermore,
there is significant energy in the low-frequency
region of the corresponding spectrum which
results in sometimes unwanted stimulation of

- dow-frequency exciter-specimen resonances if

f(t) is used as excitation of the exciter ampli-
fier,

A natura) set of conditions when electro-
dynamic exciters are used is that initial and
final values of table acceleration, velocity, and
displacement be zero; i.e.,

lim at) = 0
t-0
t
t
lim v(t) = lim[ a(r)dr = 0
(38)

t=0 t=0
t-ecC t-ecC

. t
lim d(t) = liml viT)dT = 0
t=0 t~0
tce

t-x

If the Laplace transform of a{t) is A(s), Vthe
initial and final conditions may be interpreted
in terms of the initial and final value theorems;

iee., if
« -st
. Als) Ef e " aft)dt (39)
I 0 ©
= N c ° cctcc‘”c? r,%c;
then
lim sA(s) = 0
s
s-+0
* < lim sV(s) = <lim sA‘S) 0 .
e - c ) (40)
s-=0 s—+0
lim sD(s) = 1im s 280 . o
) s
S s~
s=0 s—~0

Satisfaction of these equalities demands that
A(s) contain a numerator factor s and a de-
nominator polynomial of at least fourth order

. with no poles at the origin. A Laplace trans-
= form representatmn {10} satisfying the -above | L
" conditions is .

2

Aw
A(s) = 5 .
. (s + 3)(5 +b) (5 + o -

a e B .
o c . co o © e ‘e o

(41)

which may be inverted to yield

' ‘ aZQ-at
aft) = Aw

l(ac- b) [(c - ka)z + w2"

) bze t
) (a = b fte -v)? “"2‘}

(c2 - u2)2 + 4c2c.':2

l(b-c)2 + wzll(a-c)2 + w2l

+ A

e sin(ut + ¢) 42)
where
: -1/ =2cw -1 W - w
¢ = tan (—-2-———2-) - tan (;—c) - tan (b - (‘)

c - W

The function a(t) in Equation (42} is the
" sum of a damped sinusoid and an overdamped
type of function with parameters which auto-
matically guarantee that the initial and final
conditions of the motion variables are zero,
Hence, the selection of the parameters (a, b,
¢, and W) is somewhat arbitrary. However,
the idea is to create a damped oscillation ap-
proximating a damped sinusoid, which is

realized if ¢ = Kun and w = wn\}l - ", where

. Dunﬂ and § are’the so-ealled undamped ratural . .

frequency and damping factors, respectively,
of the classical damped sine function. Then’
convenient choices of "a" and "b" are

w

J— -
a 57 and b

« damped function to 1ast about half as long as
the osciliation and to have most of its ‘effect e
on the velocity‘and displacemeit variables in ¢
the first cycle or two of the oscillation. A

plot of the waveform with frequency normai-

ized to 1 Hz and § = 0,05 is shown in Figure 2.

Note that the first negative peak is greater in
magnitude than the first positive peak but that

the waveform, in most respects, closely re-
sembles a classical damped sinusoid.

9l:u which cause the over-~

A superposition of the functions de~
scribed in Equation (42) is thus a reasonable
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Figure 2. Unit Amplitude Proposed Oscillatory
Waveform With § = 0, 05 Decay

choice for a transient acceleration specification.
If automatic control equipment is available,
such a waveform could be caused to exist at the
exciter table. Systems including this capability
of equalization, representing the "ultimate” in
transient vil:ration testing, have been devel-
oped [1,2] and are commercially available. In
the absence of such equipment, however, one is
faced with having to deal with the transfer func-
tion of the exciter-specimen combination and
must somehow tailor the input waveform to
achieve the required acceleration,

If, rather than an acceleration signature,
the SRS or ESD of the acceleration is specified,
a superposition of functions of the form given
by Equation (42) may be used as the input volt-
age to the exciter amplifier. For reasonably
linear systems, the amplitude of each compon-
ent waveform may be adjusted independently at
a low test level to achieve a desired peak ac-
celeration. The subcequent superposition may -
then be fine-tuned so that a properly tailored
spectral descriptor is obtained. As will be
shown, this may require adjustment of the rela-
tive signs of the comrponent waveforms., Since
five or fewer components are usually adequate
for a given specification, this is not an inordi-
nate requirement. .

Ca

< t

Gther decaying oscillatory functions could
be used as excitation voltage, e.g., a pure
damped sine function or variations of it, but
that given by Equation (42) is particularly well-
suited to electrodynamic exciters, As will be
illustrated, the energy in the low-frequency
region is extremely low, thus minimizing the
excitation of the resonance due to the comb:-
nation of the total mass and the exciter flex-
ures. This feature allows higher peak g levels
to be achieved at mid- and upper-range fre-
quencies on a given exciter system.
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RELATION OF OSCILLATORY WAVEFORMS
TO SPECTRAL DESCRIPTORS

The 5 percent damped SRS of the de-
caying oscillatory waveform given by Equation
(42) is shown in Figure 3. Normalized ampli-
fication versus normalized frequency is dis~
played for decay rates of § = 0.02, 0,05 ard
0.10, Several features of the SRS are worth
noting. In contrast to the shock response
spectra of unidirectional pulses which exhibit:
a significant response over a wide frequency
band, the response spectra of Figure 3 are
prominent in the vicinity of the frequency of

.the oscillation and are significantiy lower in

the structurally damaging, low-frequency
region. The response amplification, as one
might expect, increases with decreasing decay
rate and also becomes more ''peaked.” The
SRS is almost identical to that of a pure de-
caying sinusoid, which demonstrates the rela-
tive insensitivity of the SRS to nonfundamental
differences in the formulation of exponentially
decaying oscillatory driving functions.
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3

<

0 .2 .4 .6 .8 1.015.2 1416182022
NORWAL [ ZED FREDENCY
o & T e < - e
Figure 3. Shock Response Spectrum (5%
Damping) of Oscillatory Waveform
Shown in Figure 1 With § = 0,02,
0. 05, and 0,10 Decay

The ESD's of the function of Equation

" (42) for € = 0.02, 0.05, and 0.10 and w=27-1 ¢

are shown in Figure 4 and illustrate the man-
ner in which the energy is concentrated in the
frequency domain. The ratio of the § = 0.02
peak to the § = 0.10 peak is 25, as for a
damped sine function, but there is a conspicu~
ous absence of energy in the low-frequency
region. This is due to the high-pass filtering

effect of the factor in the Laplace

s
(s +als + b)
transform representation of Equation (41)
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" in terms of the, qormalized frequency fr = fL- is
n

© <

2,
AL - g2 (1=t - 2%

(44)
2”fn 1 - f2)2 + 4§2r2
r r

G(fr) =
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Since most specifications involve a super- i i \
position of functions, it is necessary to consider |
the effect of interaction of the component wave- ®
forms on the spectral descriptors, Waveforms
cons1st}ng of two umf amplitude components _of SRR R TR AR
normalized frequencies t'l = 1 and f2 = 1,5 with NORRLIZED 11
de.cay rates of ¢ = 0,05 are s.hown gddc?fi in Fig:re 6. Sunerpnsition of Two Unit Amp'“_
Figure 5 and subtracted in Figure 6, 'The shock i _ )

¢ f the added and subtracted tude, ¢ = 0,05 Oscillatory Wave=~
response spectra ol the adde an' suptracte forms of Frequencies f, and 1.5 f
composite excitations are shown in Figure 7. When Subtracted 1
The in-phase composite exhibits two distinct ’
peaks at the component frequencies, In con- —
trast, the out-of-phase composite exhibits a
higher leve! in the frequency range between the
two component {requencies, while displaying a SUBTRACTED
lower response for frequencies less than fl and “
greater than f2. .

These properties’of the SRS are mést" g" 50950 .
easily explained in terms of the ESD of a LN ’ ) ©
damped sine function. The Fourier transform
of a damped sine function a .

-gwt 0 .2 4 & 8 L0 LZLALE 182022

git) = Ae . ™ sin (Vl - (E Zﬂfnt) 43) NORLIZED FREQUENCY
€ o« e € © . e © . 3 -

. ° < - < «<Figure 7. ° Five Percent Damped Shock Re~ o

sponse Spectrum of the Super< )
© “.° . position of Two Unit Amplitude . - .
Waveforms of Frequencies f; and
1.5 f;, When the Components Are
Either Added (A) or Subtracted (S)

The real and imaginary parts of G(f.) are
shown in Figure 8 for positive values of f..
Note that the imaginary part is much more lo-
calized on the frequency axis than is the real
part and also that the real part experiences a

— 0l e e
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sign change at fo . 1, while the imagirary part
is always negative.
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Figure 8. Real and Imaginary Parts of the
Fourier Spectrum of a Decaying
Sinusoid

The ESD of the sum of two damped sine
functions with natural frequencies f; and f, is

e®f « (Refc, (0} + RelG, (mh?

+ trm{cl(f)l + Im{Gz(f)}lz (45)

where G_(f) and G_(f) are each of the form
shown in Equation™(44). Therefore, the super-
position of two damped sine functions suffi-
ciently separated in frequency so that the imag-~
inary parts do not interact, but within the range
where the real parts are significant, has quite
different effects in the regionf << f2. de-
pending on the respective signs.

The ESD of the superposition is shown in
¢ Figure 9.. Except in the region of the peaks,
the difference in the curves is much more
drastic than for the corresponding shock re-
gponse spectra shown in Figure 6. In fact, for
the 5 percent damped SRS representation the
shape of the two spectra is distinctly different,

yet both fall within the +3 dB (+41%, -29%) com-
. monly allewed for in test specifications.

v This
is not true, however, in the case of the ESD,

¢ which éxhibits a 15 dB difference in the region
between the peaks for the two cases. Thus if
the ESD or the equivalent residual undamped
SRS is to be used as a test criterion, more
attention must be directed toward attaining the
proper phase (sign) relationship between com-
ponent waveform, or more relaxed tolerances
must be allowed.

If the spectrum to be enveloped is very

peaked in nature, it is natural to select a super-

position of in-phase waveforms, as these tend

SUBTRACTED

-3 -2 .2}

106 OF E3D

<4
o

0 4 8 12 1s
HEABCY
Figure 9. Energy Spectral Density of the
Superposition of Two Tnit Ampli~
tude Oscillatory Waveforms of
Frequencies fj and 1.5 f; When
the Components Are Either Added
(A) or Subtracted (S)

0 24 28

to accentuate the peaks and valleys of the fre-
quency spectrum, If, on the other hand, the
spectrum is broad, a synthesis of component
waveforms combined alternately in and out of
phase becomes the natural choice, as this
method of combination tends to smear out the
local character of the spectrum. [t is parti-
cularly significant, however, that, unlike the
single-sided pulses, either the inphase or the
alternating in- and out-of-phase combination
results in very little energy in the low fre-
quency region.

MECHANICS OF SPECIFICATION

A test excitation specification of a com-
posite of decaying oscillatory functions may be
approximated from the properties of the damped
sine function and its Fourier transiorm. The
maximum of the one-sided ESD of a damped
sine function is

max [{GMOF) - %(Qiﬂ-)z (46)
n

and occurs at the frequency

- fﬁ’\fl T

<

)

m <(47). -

c

The so-calléd half-power bandwidth where the
ESD is one half its maximum is approximately

131/2 z 2!fm (48)

Thus measurements from the ESD are sufficient
to determine A, §, and fn. The procedure is as
follows:




Bo

‘1.7 Determine f_ from the ESD as the
m
frequency at which a dominant peak
oceurs,
2. Determine ¥ from Equation (48) by

measuring the bandwidth between . _°

points where the ESD is half its
peak val.e.

3. Determine f_from Equation (47)
(i is usuali‘y a very good approxl-
mation). o -

4.  Determine A from Equation (46)
being sure that the ESD is the "one-
sided' version.

EXAMPLE

The system chosen to demonstrate the
shock specification technique is shown in Figure
10, It consists of a three-degree-of-freedom
substructure contained within a conically shaped
parent structure. The parent was chosen to be
a 30-inch truncated aluminum cone with a wall
thickness of 0.25 inch and end diameters of 20
and 6 inches. The parameters of an approxi-
mate lumped element model for axial loading
may be derived by dividing the cone into six
segments and calculating the equivalent mass
and axial spring rate for each section from
Equations (49) and (50).

EAi
K‘ =T (49)
i
M, = pDtL, (50)
uwhere )
.th o
Li = length of i section

Di = average diameter of ith section
cc, A= .average cross- sectlonal area of the
ith gection ° ot

e
t = wall thickness
p = material density
E = Young's modulus
The parameters describing the lumped element
substructure model were determined so that the
undamped driving point admittance, i.e., the
complex frequency domain representation of

the velocity-to-force ratio, would be of the
normalized form
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Figure 11,

oo
%,
o

o

V(s)  (s% + s « b2)s> + %)
F(a) - 7 2.2 32 60
8 8(8” +a"){(s” + ")
where R
1<a<b<e<d<a’ e

Frequency scaling was applied to Equation (51)
to locate the zeros at 333, 500, and 800 Hz,
and the poles at 0, 400, and 666 Hz. {11}

The lumped model of the composite struc-

ture with corresponding parameter values is
shown schematically in Figure 11,

15 s 13 12 N 10

Conical Parent Structure Showing
Substructure (Shaded)} Attachment
at Mass Station 14 and Applied
Impulsive l.oading

K‘JNI !IK'Q'J-K”‘?.K")”.

Figure 10.
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Viscous damping elements, while not
shown, are automatically inserted in parallel
with the spring elements by the computer code
[12] used for the dynamic solution. The damp-
ing coefficient for the ith element is calculated
according to the equation

N[.ll';\ﬂiz 1/2
Ci = 2%, ( m;> {52)

1




where {; is the damping factor associated with
the classical single-degree-of-freedom system
consisting of the ith spring and the masses
which it connects, The damping factor is
specified by the user prior to calculation and
) was assigned a value of 0, 05 throughout this
e . . example. ’ : )
The composite spring-mass model was
excited by an impulsive axial force applied at
the base of the parent structure. This was ac-
- complished by specifying the initial velocity of
- ¢ mass 10 to be 20 in/s in the solution of the
. system equations, The specification procedure
suggested above was then used to define an ac-
celeration input to Mass 1 of the substructure.
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Figure 12. Acceleration Response and Spectral
Descriptors of Mass 1 of the Sub=
structure Due to Impulsive Fxci-
tatio/r( Applied at the Base of the
l’m;cnt Structure

f

10 Log of the Eneréy épectral Density o

The response of Mass 1to the "field"” excitation
and the corresponding ESD and SRS are shown
in Figure 12. Three significant peaks in the
ESD suggest that three oscillatory components
are required; vis., at 550 Hz, 700 Hz, and
1550 Hz. The amplitudes and decay rates were
_estimated from the ESD and Equations (46),

-(47), and (48) to be 8 g's and 0. 034; 18 g's and

0.048; and 20 g's and 0,034, respectively., It
is clear from the ESD that the 550 and 700 Hz
components should be combined additively and
the character of the ESD between 700 and 1550
Hz suggests that the 1550 Hz component should
be of opposite sign. Figure 13 shows the re-
sulting shock signature and corresponding
spectral descriptors.
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c. Base Excited SRS Analysis (5% Damped) of
the Acceleration Specification and the Field
Response

Figure 13. Acceleration Specification and Cor-
: responding Spectral Descriptors
for the lLaboratory Test of a Section
of the Substructure




° ‘The responses of the substructure com=

pcnents to the specified test c::citation are

compared to the response to the field test
simulation in Figures 14 and 15, The signa-
tures are different in detail but similar in
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‘character; i.e., the initial peaks, frequency,

dnd decay rate are nedrly the samie. -Thus
when some conservatism is added to the speci-
fication, adequate, but not severe, overtesting
of substructure components is assured.
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In the example shown in Figures 14 and
" 15, the test specification was derived in terms
of damped oscillatory functions from the ESD
of the acceleration response of Mass 1 to the
field environment. It was demonstrated that
component responses to the resulting excitation
o . . corresponded quite closely to those observed
R « 7 in'the field simulation. 1If, instead of the table
) acceleration, the excitation voltage of the ex~
citer amplifier is specified to be a superpo-
sition of damped oscillatory function, the ac-
celeration response of the exciter table will
again be of a decaying oscillatory nature and
the corresponding ESD or SRS will be promi-
nent at the frequencies of the component wave-
forms. The regions between prominent points
are affected by the sign associates] with the im-
mediately adjacent components, and, further-
more, the frequency region of interest may
usually be adequately covered by five or fewer
superimposed functions. Thus, with the aid of
an SRS or ESD analyzer, an operator may ad-
just the gain, damping, and sign so that the
specified ESD or SRS is obtained with the same
assurance concerning system response energy
and maximum response bound as if the table ac-
celeration had been specified. The SRS (5 per-
cent damping) of the exciter table acceleration
resulting from such an excitation voltage is
shown in Figure 16. The load in this casc was
a 500-1b complex test specimen. Frequencies
and damping of the components comprising the
excitation voltage were 150 Iz and 0.10; 840
Hz and 0.02; and 1550 Hz and 0, 02,
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Figure 16. Five Percent Damped SRS of Re-
. sulting Table Acceleration for an
. Excitation Voltage Consisting of
Superposition of Three Decaying
Oscillatory Waveforms
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CONCLUSIONS

" "Damped oscillatory excitation has been
shown to be a realistic, as well as a realizable,
simulation of the excitation experienced by a
structure subjected to pyrotechnic shock,
Significant features of the technique are as-
follows: B o

1. if the ESD or the undamped SRS of
the recommended excitation en-
velops the corresponding description
of the environment, it is guaranteed
that the "energy" of the responsc of
all system parts will be at least as
great as that experienced in the
field.

2. If the excitation of the exciter-
specimen system is judiciously
chosen, a reasonable bound exists
on the maximum system response.

3. The excitation may be specified in
a straightforward manner by the
use of existing spectral descriptors.

4. Sophisticated generation and equal-
ization equipment is useful but not
required,
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PR

N DEVELOPMENT OF A PYROTECHNIC SHOCK TEST FACILITY

. . e PR B
. A voR B .

e Dan R. Powers
McDonnell Douglas Astronautics Company - West
Santa Monica, California

A total of 2h high energy pyrotechnic shock tests were performed in the
. ‘ process of developing a pyrotechnic shock test facility. The concept
employs & 4= by R-foot flat metal response plate to which items to be
tested are mounted. The response plate is driven by the energy released
from detonating flexible linear shaped charge which cuts a separation
sheet, Capabilities of the facility and results of numerous firings
are discussed. Data presented are used to answer some of the typical
questions arising in the predicticu of shock environments and in the

conduet of shock tests.

INTRODUCTION

Qualification of equipment which must
survive the shock environment caused by pyro-
technic devices has long been a problem. Pro-
ducing pyrotechnic environments by performing
ground tests utilizing flight separation hard-
ware has two main disadvantages: cost, and
the insbility to obtain qualification margins.
Electrcdynamic shakers controlled by shock
synthesizers have been used successfully to
qualify equipment for service in some of the

" less severe shock environments; inherent shaker
limitations in acceleration obtainable, £z-
quency respense, and specimen weigh: restric-
tions nave prevented their use in simulating
envircnnents whose shock spectra specifications
exceed 5,000 g's or 10,000 Hz [1). Because of
unrealistic simulation, there is a current
trend tn write shock spectra specifications to
exclude the use of synthesizers whose outputs
resexzble sine packets rather than high fre-
quency transients typical of pyrotechnic events.

The facility described in this peper was
developed in order to produce higher accelera-
tions and achieve more realistic simulation of
pyrotechnic shock environments. The final
design incorporates desirable fcatures from

. Several types of existing firtures; one of

¢ these feafures is the reusable joist econcept,
presently used on barrel testers, which has

. proven to be wery succrssful {2].. In order to
achieve high acceleraticns and greater versa-
tility, a thick flat plate was chosen for the
response member rather than a thin cylindrical
shell typical of barrel testers.

After the fixtures were built, a compre-
hensive test program was carried out in order
to determine the relationships between the
various changeable parameters of the fixtures
and the accelerations produced. Since the
progran consisted of 24 firings, it provided
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an excellent opportunity to investigate some
of the problems associated with the pyrotechnic
shock phenomena.

Although this paper will describe and
discuss the facility and its capabilities, it
is also hoped that the information presented
can be used to ensver socme of the typical
questions arising in the prediction of shock
environmen®s.and in the coaduct of shock tests.

DEVELOPMENT PROGRAM

The objective of the program was to design,
bulld, and test a fac{lity capable of producing
pvrotechnic shock envirenrments over a wide range
of magnitudes in a predictable, repcatable, and
inexpensive manner.

Two flat plates were chosen as the fix-
tures to which the components to be tested
would be attached. The plates were suspended
vertically, from the ceiling of a blockhonse,
with nylon slings. Both plates reasured four
feet by eight feet. One was 1/2-inch-thick
steel and the other was 1/lb-inch-thick alumi=-
num, At each end of both plates, a high
strength steel ordnance housing was attached
(Figures 1 and 2). & ¢

o ® (4 . 3
Different size cavities in the ordnance
housings allowed for a wide seleztion of charge
sizes to be used. Separation sheets of various
thicknesses were bolted to the top of the ord-
nance housings. OShocks were generated by
detonating flexible lirear shaped charge
inserted in the ordnance housings and severing
the seraration sheets. Ccmbirations of charge
sizes, ranging from 7 grains/foct tu 50 grai:s
foot, and separation sheets ranging in thick-
ness from 0.030 inch to 0.250 inch were usel to
generate shock spectra levels from 5,000 to
100,000 g's (5 percent damping). A total of
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Transducers

Fourteen Endeveo Model 2225-*!5 accel-
erometers were mounted on each plate (rigure 1).
The mathod that was used to‘mount the décel-
erometers is described in detail since various
mounting .echniques can alter data conziderably.
Figure 3 shows the mounting stud and method of
attachment. Figure U shows the actual instale~
lation., DNote that the stud and base of the:
accelerometer, as well as the Microdot connece

tor, have been coated with an epdxy (34 Company
EC-2216) to prevent loosenihg. Cable movement

<
-

mop&m(ﬁ/—cuma
CHARGE (=N SEPARATION
N = ST

HOUS | NG N has been prevented by securing the cable to the
™~ et Sy body of the accelerometer with tie cord and
1 T taping it down to the plaute. On one test, the
: 3001 connector attached to the Endevco Mcdel
A?Y“:tt:ﬂ 4- X 8-F007 2291 accelerometer came loose, resulting in the
BOLTS uousu:cl" PLATE loss of signal; so it too was covered with epoxy
VIEW A-A As:;.:‘s:" (subsequent to the taking of the photograph,

Figure L4).
R UNBRACKETED NUMBERS, 0.5-INCH STEEL PLATE ACCELEROVETER LOCATIONS
BRACKETED NUMBERS, 0.25 INCH ALUMINUM PLATE ACCELERGMETER LOCATIONS

Fig. 1 - Pyrotechnic flat plate
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(TORQUE 10 sTuo WASHERS - m% ]
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TEFLOM SLEEVE - MICA WASHERS
0.276 IN, DIA. HOLE
THAU.SPECIMEN

Fig. 3 ~ Accelerometer attachment
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Fig. 2 - One-half-inch steel plate ordnance
housing assembiy

.. Cc < <. ¢ gegc o ¢ o e °
°L flrmgs were made and shock ~m@sc’ra. were -

c ge icrated from the outputs of 13 accelerometers
for each firing.

Program cbjectives were satisgfactorily met.
Predictability and repeatability of shock
= spectra are excellent. Cost per test is con-

. . siderably less than tests utilizing flight
hardware to produce the shock. Material costs
to conduct a flat plate test are less than $50
per shot. One-inch-diameter flight type pyro-
tectnic separation bolts are $1,200 each, and
skin cutting separation systems, similar to the
one uged on the Opartan missile, are in excess ‘
of - $20,000. Fig. 4 - Accelerometer mounting technique
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Dets Acquisition

The data acquisition system consisted of
Endevco Model 2225-M5 accelerometers, 100-foot
Microdot cable leads, Unholtz-Dickie Model D1l
charge amplifiers, and an Ampex CP-100 recorder
operated at 60 inches per second in the FM mode
{108 kEz ceater frequency). System checkout
was performed by ganging the amplifiers

together and inserting voltages at appropriate -

amplitudes and frequencies and recording the
signals. All channels were flat +1 dB over
the frequency range from 20 to 20,000 Hz,
linear #1 dB from 5 percent to 100 percent full
scale, and had a dynamic range greater than

35 dB.

©

Data Reduction

¢ Imediately after each firing, the
recorded data were played back and displayed
as oscillograms. Honeywell Model M5000 gal-
vanometers used with a recorder tape speed
reduction of 4/1 yielded flat recponse to

12 kHz. The data were examined for dc shifts,
clipping, and proper band edge settings.

Valid data were then played into an
MB Electronics Model 1982 shuck spectrum
analyzer. Positive and negative shock spectra
plots were generated using 5 percent damping
(magnification factor Q=10} for analysis. For
esse of Interpretation, much of this raw data
vas re-plotted as meximax spectra (maximum
envelope of positive and negative spectrej.

RESULTS AIlD DISCUSTION

In general, results were as expected with
higher accelerations occurring near the cutting
plane. As the shock wave traveled down the
plate, attenuation, edee reflections, and plate
response incrcased data scatter. For this
reason, most of the data presented has been
restricted to locations within 20 inches from
the cutting plane.

Figure 5 shows the envelope of the maximax
spectra generated from the outputs of accel-
erometers 1 through 4 for shots 1 and 3. An
approximate *3 dB scatter band ls shown for
each shot. Shot 1 was r,‘ired(witl'{ 15 grains/
Yoot, aluminum shesthed, flexibl# linear shaped
charge (FtLSC RA1S5J). Shot 3 used the ider*ical
charge and materiel type except the separation
sheet thickness was increwsed to 0.125 inch.

A 75 percent sheet thickness increase producad
a 50 percent shock spectrum amplitude increase.

The maximum capability of the facilivy is
presented in Figure 6, which shows the raximax
spectra from the outputs of accelercmeters 11
through 1b for shot 5. A sheet of 2014-T651
0.250 inch thick and a charge of FLST RAS0J
were used. lNote that the sheet thickness is
double that used in shot 3 (Figire 5), and the
mean amplitude of the shock spectra is twice
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Fig. 5 - Envelopes of maximax spectra frem two
shots showing change in sgectra
amplitudes dus to varinticn in
separation sheet thickness

nd —
L) T T 1
[ SHOT 5, ACCELEROMETERS 11 THRU 14
| SEPARATION SHEET , 250, CHARGE RASGS
L
o
o 105 e
F4 | 1
g r |
Py | 4
&
§ -
x a8 . L. - [ N
2O o]
Lo /_,liq
- 11
—N
n - | . § 1 Ly I SIS T Y &
103 102 103 104 2'104
FREQUENCY, Wz

_ Fig. 6 ~ Yaxinum facility carebility..
- PR - B N -

“hat obtained In shot 3: however, in order to
acconplish adequate separaticn, tle charge si
was changed frem 15 grafnc/Cct to €9 graine/
foot.

Figure 7 presents spectra onyvel r.m

shot 3 and shot 6, The conditions for beoth

shots were identical except for the coverine of
the flexidle linear shaped charge. Chot 3 used
15 grains/foot alupinum sheathed FLSC ant shut 6

s

jet

used 19 grains/foot lead sheathed FLSC.  DIf-
ferences, if any, are hidden in the ita Soatcer
ban .,
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13 and 14 were made %o determin

spectra noyiitules by varying the
::““m‘cnl proverties of »ruration cheets,
2tz uzed a char and o sepa-
raticn sheet thickre inch. Thot 13
used 201: =

©1,300 13

ins re.,ul’ was net as predicted.
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IL - SHOT 13, Accnznomms 15 17&18 ’
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" Flexible linear shaped charge scrfling lawsf

‘fiberglacs buckup ring,

include the Brinell Hardness lumber showing
that harder materials require a greater quantity
of charge to achieve adequate cutting., This °
iwlies that harder raterials ahsord ficr recener2y
v*x'iox' to f'lil"*ec'm\. weuld, shereifore, 4hi®ismit
more energw into the response plate, After the
firings, the separstion sheets were examined
and compared, The 2014=T6 sheet separanted as
two strips, failing at the center by the cutting
action of the charge (80 percent penetration)
and at the centact point of each of the cutters
(Figure 1). The 6061-0 sheet failed only at

the center, cut completely through by the charge
and bent back over the cutters. Ferhaps one
reason that differences In spectra amplitudes
were not noted is that the ordnance houslng
design used is very dependent upon charge size
as explained later in the discussion of

Figure 10.

Come experimenters have volced the opinion
that the thickness of the material being cut i
the malor factor in the changing cf spectra
anplitudes wnd that charge size has
effect as long as the material is satisfactorily
severed [3,h]). These conclusions were based
".:nn‘.,' or, data ottained from eround tests
utilizing fiight zeparatiun systems. However

it i3 difficult to
since there ure so rany
For instance, che U
ter erploys a rukter

rmaxe generalized statements
configurat

in usge.

'crs

N det\r.aticn, the -

rutber and flterpliss are traoyel ani the

rere frportant than the gus
This is not true for systems using ril‘ detc-
rating fuse (1DF) where the charge helior is
usually an integral part of the wve
strugture.

"C © 3 @ < <
. .
igure 9 shows the effect :2;3*
» 5ite has uron tn amplic

Lot 16 uml a ehurs
of RuTJ and ;not 17 uced a charge of RL1OJ. A
separation sheet 0.020 inch thick was used for
both shots. A 40 percent ircrease in charge
size nearly doubled the resulting shock spectra.
« cO
The Fes: alts from sho
sented in Fi pe¥
charge BL . 1
of 0.03C inch and st
separaticn sheet.

spectra anplitiades
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Pigure 11 shows the spexs
shets 15 and 19. ;
tion sheet., The "'ur:ﬂ size £
7 grains/foct (ELTJ) ance £or shot
25 grains/foct (RA2SJ).  The
in charge size r ted in an 3

shot 1“ was
t 19 war
22 increase

2.8 tires ineres .
Juesticns ha
the effect of at
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charge,  Jeme recposse is indicated; hovever,
¢ i3 nefligible compared to the full-ceale
ranses of plate mcunted accelercreters.

niuesticnably, the most imporiant elerent
in the Jdata acquisition system used in the

tduet of yyrotechnle r““n cegls is the




~were mounted in the same 1/4-26 tapped he

'er shot 9, <he “31 irdicu

transducers., Mcny so~called shock accelerone
eters produce completely errcneous data when
exposed to a pyrotechnic environment even though
the ‘ectu.;l ncceleration is less than t{xo manu=
feturer’s gubliched 'n.cer“;blre Mmoo - Theetwa
most Hidel, accepted pyrotechnic shock accele
ercreters in use today are the Endeveo Models
2225 apd 2225-¥5 [6,7,8]. A new generation
accelercnmeter, the Endeveo 2091, is currently
teing recurmmended as a replacement for the

5=i5. Cinece so many specifications angd
predictions have been based on data chttained
from the earlicr models, it is important to
reccgnize that there are varintions In osutruts
botween the desipns.

3ix shots were rade In which the cutpal of
2225=M5 was compared with the cutput of n 2291.
Reprecentative sheck spectra from two of these
shots are presented in Figure 13, lote that
the spectra amplitules are rf\nnmll, higher for
the 22259 '}'m the 20291, enpecinlly at the
Lipher frejuencies, This churacteristic was
230 true for the cther four chots from which
compariscns were made., Both accelerometers

i Nl ,l‘a,- 04‘ .‘.C ,‘(.:r\/n‘wo v\ Y"
e 14, A yhotegraph «f 'm n
iz rw‘se'ned in Figure 4. Acceleration hige

taries for the twe Jhcm are shown ln Fleures 19
wn'i 16, It 1s of interest t¢ examine wndl eon
taure the transients lxci'cei from the twe shots,

aceelerig=

tion of 1»7,)00 7's, and the o dientes
' v

u penk of 65,000 g (¥ 6,
“he peak scceleratd cther,
.t the wave fores
(Fi igure 1),
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Fig. 13 = Maximax spectrs from the cutputs of
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(cee Fis, 15 and 16 for accelera~
tivn hictories)
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Fig. 14 = "Back to back" mounting procedure

As mentloned earlier, the accelercmeters
¢n-the responze plate were mounted as shown In
Figure 3. This rather elaborate m ing proe
cedure has been aldcpled at NeDonnell Douylus as
standard practice for all pyrotechrnic shock
tests because of bad experiences with other
metholds of atlachment. lamely, accelercmeters
syinning 1o .ce or flying.off, and problems with
erounded gecwlerameters such as severe reduction
o dynenie vanpe and complete loss of lata from
".f.n:r saturation 12 a chort to the mounting

>SS TATiARY .

Figure 17T is a plot of the maximax spectra
from the ocutputs of “wo 2Z220-M45 accelercmeters
iceated 1 inch apart, both lacated 3-1/2 inches
from the cutting plane. Tne accelerometer was
mounted «is shewn _in Figure 3 and the c-*her was

rounted to a stud that was screwed dire- tly iafo -

the rosronse plate as shown in Figure 'h, Fig-
ure 17 sheows that the sfectrum generated from’
the accelerometer on the stud screwed in the
tapped hole is approximately 3 4B higher, in
the region above 10 kHz, than the spectrum from
the accelerometer on the inzulated stud.

< < L ° ve © [
N ~  There ake rfumercus opifiioné gbouts the c

c

effects of mass leoading®on the response of a
structwre ti‘zmsr“.i’.tircxg a pyrotechnic transient
[3,6,9]. This, of course, was a critical issue
in the development of the facility. It was very
desirable to be able to test electronic boxes
and components. If mass loading had a signifi-
cant effect on the response plate, it would not |
only limit syecimen weight, but also ruin the
predictability feature of the facility.

Figure 18 shows the configuration used to
determine mass loading effects. An 8-pound
section of a .Spartan missile fajiring, which
was used as a backup structure for a previous
shock test, was attached to the steel response
rlate by four bolts which were torgued to

c
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Fig. 17 = Maximax spectra from the cutputs of
tve accelerometers mounted l-inch
apart, one mcunted on a stud in a
tapred hole, the cther mounted as
shown in Fig. 3
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121 footepounds. On top of the fairing, a
1h6=pound steel block was attached. Accelers
ometer number 8 was attached to the center of
the steel blogk as shown. R

©

<

.o Figure 19 shows the results.of shat =20 ot
which used a separation sheet 0.190 ineh “Hiek
and a charge of RAS50J. Unfortunately, de shifts
invalfdated the ocutputs from accelerometers 11,
13, and 1k. Maxirmax spectra frem the outputs
of ac2alerometers 3, 9, and 12 are shown.
Accelerometer number 3 was the Endeveo 2291
cghown in Figure 4, and was located 1.5 inches

from accelercreter 13, lote that, even though
accelerometer -number 9 was located on the
response plate directly under the attach peint
of a 154=pcund mass, the gpectrum genernted
from lts output is still within the spoctra
band formed from the outputs of asccelerome
‘eters 3 and 12. The envelope formed by 3,

9, and 12 compures very closely with the
envelope obtained from the unloaded plate In
shot 5 (Figure 6). liote when comparing the

two shots that not only was a lurge rass
attached for shot 20, but also that the
separaticn sheet thickness wns decreased. Both
of thece changes would irmply a reducticn in
srectra amplitudes. OSuch was not the case, and
it wprears that the adiition f the m had
very little effect on plate respunse.

A significant reduction in spectra ampli=
tules is indicated at locaticns T and 8. The
iifference between spectra at lgemticns 7 ani 9
is attrivuted to the Joint loss occurringat the
interface between the response plate and the
fairing., The difference belween specira at
locations T and 8 is attributed to the fairine,
steel blaock interface. lcte *hat this reluce
tion occurs mainly above 5 kHz, while at loca~
tions 9 and 7 the reduction cccurs over the
entire frequency band.

" 103 - e =
- SHOT 20 SEPARATION SHEET.190, * o
- CHARGE RAS0) 3
I ACCELEROMETERS 3,94 12 ON
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@ |- ACCELEROMETER 7 ON
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2104l ACCEL. 9 _
S I ACCELEROMETER
5. I 8ONTOPOF 154
% .o B POUND MASS S R
>
"4
s AN |
>
3
20—
=
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102 1 [ 1 111 1 11
10 102 103 104 27104
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Fig. 19 = Maximax spectra from the outputs of
5 accelerometers to show the effect
of mass loading and Jjoint losses




" presented.

There has been much discussion as to the
meaning and/or validity of tri-axial measure-
ments in a pyrotechnic environment. Figure 20
is presented for general information only; no
sttempt ig made to explain or Justify data
Accelerometers 2, 5, and 6 were
attached to a l=inch aluminum cube as shown in
Figure 18, each reading response in mutually
perpendicular directions. liote the difference
between the spectrum generated from the output
of accelerometer number 5 which was mounted
on the l=inch block zad the sgpectra from the
outputs of accelerometers 3, 9, and 12 (Fig~
ure 19) mounted in the same general area but
directly to the response plate.

10°

T T
[~ SHOT 20 SEPARATION SHEET , 190, CHARGE RASOJ
ACCELEROMETER 2, TANGENT TG PLATE &
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L CHARGE

|

g
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l
! |

l...1.1t

o 1 21t
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Fig. 20 = Muxorax spectrs from the sutputs of
3 uecelerimeters mounted on a one-

e ‘Inch aluninum cube (tri-nxial) ce

CunlLulIons

Based on cur experience in the use of the
pyrotechnic shock test facility and tests con-
ducted to date, the following conclusions hnve

‘beeri driwnj cuution should be axerciced, how- c

ever, in extrapclating the test results pre-
sented in this ‘purer to configurations
differing from thise tested.

1. The facility, throuch actual usage, has
proved o e a palinble, perentable, and
205b=eTfective rethod of qualifying parts
for usape in pyrotechnie chook
environments.,

2. Increasing the thickness of the serparaticn
sheet increases the amplitude of the
resulting shock sjectra {(Fisure S).  Mathe-
matical celationships betwean sheet *hick-
ness w:nd osyectra wwplitudes are not easily
derived einee the quantity of charpe uced
“dzc affects spectra g litules,
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3.

REFEREICES

(%)

Spectra amplitudes are a function of the
quantity of flexible linear shaped charge
used vhen the charge holder is rigidly
attached to, or is a part of, the main
structure (Figures 9 and 11). . .
Figure 7 shows that the covering of flexi-
ble linear shaped charge does not signifi-
cantly alter the response spectra.

Alteration of the mechanical prorerties of
the separation sheet does not significantly
change the response spectra (Figure 8).

The effect of this change may bave been
hidden by the fact that the housing used
vas 8o dependent upon the charge that even
the complete elimination of the separation
sheet did not significantly reduce the
spectra amplitudes, as shown in Figure 10.

Accelerometer outputs are not significantly
affected by the high intensity sound field
that accompanies a pyrotechnic event
(Figure 12).

The outputs of the Endevco 2225-M5 and
2291 accelerometers differ, particularly
in the region above 10 kHz, with the
2225-M5 Indicating the higher values,

Using the accelerometer mounting technique
shown in Figure 3 will reduce resulting
shock spectra plots by approximately 3 dB
in the regions above 10 kiz (Figure 17).

Mass lond}ng does not significantly alter
high frequency pyrotechnic shack transientc
traveling tiurough structural mqnbers.

Large attenuations are shcewn at mounting
interfaces and structural Jointi

(Fizure 19).
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Mr. Chapman (Jet Propulsion Laboratory): What
instrumentation did you use to obtain the data
that we saw?

Mr, Powers: The data acquisition system con=-
sisted of 14-2225 accelerometers. The microdot
cable leads went approximately 100 ft. to an
Unholtz-Dickie D11 charge amplifier.  The
amplifier signal went into the recorder. Prior
-to running the test a frequency response check
was made on the system which showed that there
was no rolloff up to 20,000 Hz; that is the
system was flat to 20,000 Hz; and insert volt-
ages were used to prove that it was linear
within + 1 db, and the signal to noise ratio

was in excess of 35 db. On the playback side,
thae data reduction side, the signal was played
back through an MB N 932 shock spectrum analyzer
and the plots out of the analyzer were condensed
in form into maxi-max shock spectra, and the
greatest and the least maxi-max spectra from
each accelerometer were put on this plot to form
an envelope.

It has been our experience that

Mr. Chapman:

in measuring slew rates of impulse type functions

into the charge amplifiers and tape recorders
that we get different responses depending upon
the rise time of the pulses. You mentioned your
recotder ‘who 1s the manufacturer of the recorder
and what is the model number?

Mr. Powers: 1 believe it was a CP 100,
Mr, Chapman: Many of the tape recorder manu-

facturers have two modes of operation on their
tape decks, a transient mode and a sine wave or

< & steady mode- the .pulses that you used are the
means of determining that your data channel wés '
flat to 20,000 Hz. What mode of operation did
you use?
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9. Noble, E. C. and R. L. Batten. "Shaped
Charge Shock Environment for Centaur
Vehicle Components,” Shock & Vibration
Bulletin 35, Part 6, pp 331-351.

April 1966.
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DISCUSSION

Mr. Powers: That was a pure sinusoidal input
out of an oscillator. The paper will show you
the transients that were used at least for the
2225 and 2291 accelerometer comparisons, and
they were taken directly off the scope and
directly from the tape recorder.

Mr. Peete (Naval Undersea Center): What did you
use in your calibration technique between the
10,000 and 20,000 Hz area, was it based on a
standard comparison, or what was your absolute
traceable standard?

Mr, Powers: 10,000 to 20,000 Hz. How do I know
that is the true frequencv of the input
oscillator?
Mr.

M Peete: No, the true acceleration in that

frequency band.
Mr. Powers: Perhaps an Fndevco representative
could answer your question, Fndevcu publishes
calibration data up to about 20,000 g's.

Mr, Fnsor (Endevce): The traceability that we
have ‘above 10,000 Hz {s a bit nebulous, but we
use a calibration shaker that has a resonant
frequency of approximately 55,000 Hz and the
standard inside has a resonance at approximately
80,000 Hz, We run a number of types of
accelerometers whose resonant frequencies are
known by excitation on this shaker and shock
excitation and so forth. So above 10,000 Hz we
have an electrical filter which takes out the
resonant frequency of the standard or the rise
due to the standard in the shaker: so we don't
really known the accuracy of the calibration
< _above 10,000 Hz to any great extent. e do know .
that we Have comparisons between two types of
accelerometers’, up to 50,000 Hz. When you have
a very high resonant frequency accelerometer of
10,000 Hz, like the 2291 then you can make com-
parisons of that accelerometer relative to lower ~
resonant frequency instruments,

~
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STUDY OF AN EXPERIMENTAL TECHNIQUE FOR APPLICATION
TO STRUCTURAL DYNAMIC PROBLEMS

R. F. Snell
McDonnell Douglas Astronautics Company
' Huntington Beach, California et e °

An experimental program was conducted to determine the
feasibility of using subscale Lexan plastic models to deter-
mine the response of full-scale aerospace structural
components to impulsive, pyrotechnic loadings. A Lexan
monocoque cylinder was impulsively loaded around the
circumference of one end, causing a compressive stress wave

to propagate in the axial direction. The resulting structural
responses of two configurations of the cylinder (with and
without a cutout) were recorded by photoelasticity, strain
gages, and accelerometers. A maximum dynamic stress concentra-
tion was photoelastically determined and the accelerations
calculated from strain-gage data were in good agreement with
those recorded by accelerometers. On the basis of recults
from these tests, it is concluded that reliable, quantitative
structural response data can be obtained by the experimental
techniques described in this report.

INTRODUCTION electromagnetic, stress-wave generator

|

t

| augmented by dynamic photoelastic,
Pyrotechnic devices are commonly f strain gage, and accelerometer instru-
used today i: space vehicles for several ; °mentation techniques for the determina-
!
!

purposes, e.g., stage separation, bay tion of dynamic response in models of
removal, and fairing removal. The proposed vehicles.

detonation of these devices imparts

shock loading to the vehicle structure : This technique can be divided into
and to the components actached to this T three areas, that of the loading device,
structure. For a given application, the | -that of the model, and that of instru-
pyrotechnic devices must be designed in ! mentation for determination of the
conjunction with the vehicle structure ! response of the model to the loading.

and components such that the integrity The loading device employs the energy

of the vehicle and its mission are not stored in a high-energy, high-voltage
compromised by the shock loading. : capacitor bank to produce uniform
Unfortunately, limited information is ~ impulsive loads that simulate shock
“available to the designer on shock : loads from the detonation of pyrotechnic
levels generated from pyrotechnic devices. The test specimen models
detonations and on the effects that proposed vehicle configurations and is
these shock loadings have on the vehicle | made of Lexan polycarbonate plastic.
structure and components. There is . Lexan, a photoelastic material, allows
therefore a need both for more powerful the determination of the states of
analytical techniques and for less ' strain in the model by use of a dynamic
expensive, more versatile experimental polariscope. The model can also be
techniques for investigating shock instrumented with strain gages and low-
loading and the response of structures mass accelerometers to further P
to shock loading. McDonnell Douglas characte.ze the model response. As a -
Astronautics Company (MDAC), under the final step in this technique, the ’
sponsorship of NASA Contract NAS9-12873, dynamic response of the model must be y
conducted an experimental program, related to the dynamic response of an ;
described in this report, to investigate actual prototype by the use of /

the feasibility of one improved appropriate similitude relationships.’

experimental technique, that of an
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Fig. 1 - Configuration and dimensions of Lexan cylinder

This experimental technique has
two principal advantages. First, the
technique is relatively inexpensive in
comparison to full-scale pyrotechnic
testing and, second, the technique
allows the determination of the states
of strain in the model. This is in
contrast to the information normally
available from actual hardware tests in
that results from hardware tests are
generally limited to determining if the
‘part .does or does not fail under shock -
loading. ) .

MODEL DESCRIPTION

A cylinder of Lexan polycarbonate
plastic was fabricated to the dimensions
‘ghown in Figure 1 for an r/t ratio of
54.2. The length of the cylinder was . _

e arbitrarily established as. 20 inches; a ¢ ©

o length that was approximately four times
the radius of the cylinder. Fabrication
of the cylinder was accomplished by
thermoforming two sheets of Lexan of the
appropriate dimensions into half
cylinders by the use of a male mold.
These two half cylinders were sub-
sequently butt-joined with ethylene
dichloride, a solvent of Lexan commonly
used as a bonding agent, to form a
complete cylinder. Lexan was used as
the material fur the cylinder model
because Lexan is easily thermoformed
into complicated shapes and is a
sensitive photoelastic material. 1In
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" high-intensity pressure pulse. Refer-

addition, Lexan is an extremely tough
material and, as such, survives well in
a high-shock environment. The final
cylinder with strain gages attached is
shown in Figure 2.

EXPERIMENTAL PROCEDURE

Loading Device

) For this experimental program, the
existing MDAC stress-wave generator was
modified to accept a cylinder of the
type and dimensions previously
described. The stress~wave generator
utilizes the discharge of a high-energy,
high-voltage capacitor bank to produce
a magnetic pulse which, in turn,
produces a relatively short-duration,

‘ence’l gives a complete description of

this stress-wave generator and its
principle of operation. Numerous tests
have shown excellent repeatability of
the pressure pulse (on the order of 3
percent) and the generator therefore
allows the production of repeatable
high-pressure, short-duration pulses
over flat or curved surfaces. For the
experiments of this program, the
pressure pulse had a sine squared shape
with a duration of approximately 25
microseconds and a peak magnitude of
approximately 2000 psi.

e
ks




‘and accelerometer techniques.

Fig. 2 - Le:zn cylinder with strain
gages attached .

Instrumentation

Response of the cylinder to the
passage of the stress wave was
determined by photoelastic, strain gage,
The ¢
three techniques, as applied to this
test program, are described in the
following paragraphs.

" va e ——
the equation
nX
' 0‘ OY - T {1) .
wheré’ox and ¢_ are the principal c

stresses, n is the fringe order, d is i : £ e .
the thickness of the model, and K is a
constant of the particular photoelastic
material called the stress optical
coefficient. At a free edge of a model,
one of the principal stresses is zero
and the other principal stress, lying
tangent to the edge, can be directly
determined from Equation 1. This is
fortunate because the maximum stresses
occur at a surface location for the
vast majority of static problems and,
therefore, photoelasticity may be used
to directly determine these maximum
stresses.

The experimental program at hand,
however, invoived a dynamic condition
of stress~wave propagation and,
although the validity of Equation 1
still holds, maximum stresses do not
necessarily occur at a free boundary.
Principal stresses can be determined at*
free edges, as in the static case, but
the resolution of internal stresses can
only be accomplished with additional

information about the stress field, e.q.,
the existence of a uniaxial stress
field allows such a resolution. For the

dynamic case, photoelasticity does,
however, produce a dramatic qualitative
indication of the stress state.

The photoelastic fringe pa*terns
that result from a propagative stress-
wave cannot be directly observed
because of their high velocity of
propagation (approximately 5000 ft/sec).
In the stress-wave generator, this
problem has been overcome by the use of
a camera in conjunction with a high-
intensity, short-duration (0.5 u sec)

Static photoelasticity generally
involves the fabrication of a two-
dimensional model of the part to be
dnalyzed from a photoelastic material.
This model is appropriately loaded and
observed with a circular polariscope.

light source to
the movement of
which the light
relative to the
wave at the end

controlled by a’

a given passage

photographically stop
the wave. The time at
source is activated
initiation of the stress
of the cylinde: is
time-delay circuit.

For e rro<
of the stress wave,

this

Basically, a circular polariscope is a
device that allows the observation of
the birefringence of the model and, for
photoelastic materials, this
birefringence can bte directly related

to the state of stress or strain that
exists in the model. An observer will
see a series of dark and light bands
which are collectively called the fringe
pattern and the fringe order for a given
point is determined by counting the
fringes to that point. This fringe
order may be r:lated to the difference
in principal stresses at that point by
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experimental setup allows the taking of 0
only one photoelastic fringe pattern.
Consequently a number of discharges of
the stress-wave generator, cach with a
different light-source delay time, are
required to map completely the passage
of the stress wave through the model.
The validity of this approach rests
upon the excellent repeatability of the
load history by the generator plus the
operation of the generator at a load
level that assures an elastic respouse
of the model. In this manner, the
photoelastic manifestation of the
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~ e interaction of stress waves in models 2291 and the Endevco 2292. Both
- have been. recorded in past test programs accelerometers are designed for the
’ as well as in the model of this test measurement of shock accelerations,
’ program. both attach to the structure by 1/4-inch
diameter holes tapped with 28 threads
The optical path of the polariscope per inch, and both have masses of 1.3
used for this experimental program is grams. The 2291 is nominally rated for
, shown in Figure 3. a peak acceleration of 100,000 g with a
7 resonant frequency of 250 kHz and a
One biaxial strain gage and seven sensitivity of 0.00385 picocoulomb/g.
S < et .- triaxial strain gage rosettes were The 2292 is designed for a somewhat less
ST ‘4pplied to the cylindér model during ° "< .severe:environment, having a peak
the course of this test program. The acceleration rating of 20,000 g, a ¢
location of the triaxial gages are resonant frequency of 100 kHz and a
shown in Fiqure 1. In the case of the sensitivity of 0.130 picocoulomb/g.
biaxial gage, one element was oriented Data from the accelerometers were
in the direction of the cylinder axis recorded with a dual-beam Tektronic 555
and the other in the circumferential oscilloscope in both voltage-mode and
. direction. Two of the three elements charge~-mode instrumentation schemes.
. ‘o « © ¢ of the triaxial rosettes were also . R c o .
R oriented in the axial and circomferen- ‘v TEST SEQUENCE, RESULTS, AND DISCUSSION ¢ « < |
° tial directions, with the third element o o ¢ o :
- located between the other elements at First Test Series
b an angle of 45 degrees. All elements
-7 ' had active gage lengths of 0,062 inch, The first test series was conducted
: a size small enough relative to the wave on the monocoque cylinder to determine
\ length to grevent distortion in the gage the response of the configuration to an
. readout [2]. A standard wheatstone axially propagating stress wave. The
M bridge was employed to read the strain results of this test series served as
gages in conjunction with a dual-beam the baseline for subsequent tests and
Tektronic 555 oscilloscope. provided insight into the difference in
: response between that of a cylinder and
, In the tests of this experimental that of a flat plate, both without
program, twc types of piezoelectric inclusions or cutouts. The initial
accelerometers were used, the Endevco loadings of the monocoque cylinder were
S 86
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FRINGF ORDER

PUSITION A -1 TOR INCHLOCAIONS,
T sC

Fig. 4 - Typical photoelastic fringe pattern of first test series

used to obtain photoelastic data on the
cylinder. Photoelastic pictures were
taken pricr to the installation of
strain gages and accelerometers to
provide a basis for determination of

the effects that these other two types _
of instrumentation had on the response
of the cylinder. Examination of trese
fringe patterns, e.g., Figure 4, show
that the propagating stress wave was
uniform in magnitude and velocity of
propagation with a velocity of
propagation of 0,063 in/usec and a pulse
length of 1.6 inches for a pulse:- .
duration Of 25 usec. Furthermore, these ° -
patterns indicated that attenuation and
despersgion of the wave as it propagated
up the cylinder was insigrificant.

a

After completion of the initial
photcelastic mapping, seven strain gage
roscttes were placed on the cylinder at
the locations indicated in Figure 1.

The subsequent photoelastic fringe
patterns indicated that the strain gages
had orly a *ocalized effect on the
strain fie.d.

Each element of all the rosettes
was subsequently read on an oscilloscope

to determine the strain history from
the passage of the stress wave: The
oblique (45°) gages gave peak strain
values that were approximately one half
of the peak axial strain values while

. the transverse gages showed that
‘circumferential strain remained a% zero

throughout the wave passage. The
geometry of the model (large r/t ratio)
makes the application ot plane stress
relationships valid. The readings of

the oblique and transverse gages indicate
that the conditions are more restrictive
than plane stress in that the circumfer-
ential strain is zero. The stress-
strain reiationships therefore become

X
o, —> (2)
X 1-v
VEE
ay = —3 =V, (3)

where Gx and oy are the axial and
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oS . . The back-to-back triaxial rosettes. e L .
' o ’ <™ * at-the S-inch, 30-degree location ° s O du e et Fe et L
N (Figure 1) |gave identical readings, ‘ T cof‘ (c .t - x) (6)

within experimental accuracy for all
. elements. |There was therefore no
! bending in the walls and no radial
[ displacement. This indicated that,
P . . .for the stress-wave length of these
A tests, the wall of the cylinder
o - responded in the same manner as a flat
, plate of the same thickness would have
' ' responded. Generally speaking, the
geometry of the cylinder would probably
0 not affect: the stress-wave response
,Q unless the length of the wave were
] equal to, or greater than, the
B circumference of the cylinder.
PO |
) Shock responses of aerospace
ST vehicles are usually described in terms
[N of acceleration as a function of time
R for various points on the vehicle or in
- terms of a shock spectra consisting of
response representations obtained by
reduction of acceleration histories.
In order for model data to be readily
used by the aerospace industry, it is
necessary |that the raw model data be
‘reduced tq acceleration histories or
- reduced to shock spectra. The last test
series of this experimental program
determlned accelerations directly by
accelerometers. The disadvantage of
such an approach for model application
is that the available accelerometers
’ are large relative to the structure of
A the model] One then has the classic
' case of altering the response one
. . wishes to|measure by the very act of
A 8 <. . making that measurement. For this
P . study photoelasticity and strain gage
. techniques were investigated for the
N feasibility of reducing these types of
N data to at¢celerations of the model.

Y The following paragraphs describe how
P this was accomplished.

For A plane wave traveling in the

¢ e “direction of intreasing x, dlsplatemené B
as-a. function of posltlon and time may

be written as B I

|

? u=f (cot - x) (4)

. “where u is displacement, f represents

t the function, cy is the propagation
velocity, and t is time. Separate
differentiating of Equation 4, first
with respect to x and then w1th respect
to t, will yield

\ "

Solving both equations for £' (cot - x)
and equating the results gives
5 © o

c

3u ’
EE-COK (7)

As 3u/3t is the particle velocity (vy)
and 3u/3dx is the strain in the x
direction (e4) Equation 7 becomes

v, =~C_¢ (8)

Differentiation of Equation 8 with
respect to time will yield the
acceleration

¢ 3 € .
X
Ak =" % I )

where A, is acceleration. Equation 9
simply states that the acceleration is
equal to the propagation velocity
times the instantaneocus slope of the
strain history for any given time. It
should’ be realized that the foregoing
argument is valid only for the case of
the propagation of a plane stress wave.
In practice Equation 9 means that a
strain history may be reduced to in
acceleration history by a point-by-~
point measurement of the slcpe of the
strain history. The disadvantage of
thig approach is that gsmall vatiations
in' the strain history may result in
clarge variations in the slopes. For the
present study, however, the strain
histories are smooth curves and such a
reduction as herein described is both
straightforward and accurate.

Maximum acceleration is then
determined by measurement of the
maximum sYope. For exampl.:, Figure 5
shows a f£ypical strain history from the
gages used in these tests. The maximum
straig/iate for this history is measured
as -7% in/in/sec. This value, alcng
with the velocity of propagation of




{
;
X

Fig. 5 - Typical strain gage trace
for axial gage (2500 uin/
in/cm, 5 usec/cm, sweep
delay * 115 usec)

0.063 in/usec, results in a maximum
acceleration of 126,000 g.

In like manner the slope of the
strain may be obtained from the photo-
elastic data. This is accomplished by
determining the fringe order at a
given point as a function of time.

Such a determination requires a series
of photographs ot the fringe patterns

at the point, each taken at slightly
different times., The data obtained

from these photographs would be a series
of discrete points plotted as a functicen
of time and cornection of the points
would yield a continucus curve of fringe
order versus time. ~Application of
Equation 1, for conversion of fringe
order to difference in principal stress,
and Equations 2 and 3, for conversion

of difference in principal stress to
strain, results in a plot of strain
versus tirce. The procedure for obtain-
irg accelrratior from this stage onward
is then identical to that employed with
the strair gage data.

There are certain difficulties in
the reduction of photoelastic data to
obtain accelerations.. <First,; a large -
nurber of photograrhs are rfequired to
accurately record the changing photo-
elastic pattern and the minimum time
separation between these photograghs
would be a function of the maximum
strain rate. Second, determination of
ckact fringe order in most cases would
regquire extrapolation to non-intearal
values of fringe orders. These non-
integral values must be estimated from
the rhotographs and such estimation
could give rise to inaccuracies.
Firally the reduction of differences in
principal stress to axial strain
requires additional information as tc

bt ]

the type of stress field that exists at
the point of interest., In the monocoque -

configuration, for instance, it is

known that the conditions are that of

plane stress °rith zero circumferential ‘

strain. Without such additional o . e
information the photoelastic data o
cannot be reduced to accelerations.
Accelerations determined from strain
gages were used in the data reduction
for the test reries of this program,
rather than those datermined from photo-
elastic data, because of the relative
ease with which strain gage data may be
reduced to accelerations.

The assumption that the pressure
applied to the loaded edge is a sire-
squared function of time gives an
interesting check on the validity of
the maximum acceleration measured with
strain gages. Again assuming c¢lassical
wave propagation theory, it can be
shown that the maximum acceleration for
a strain pulse having a sine-squared
shape is

A = - — (10)

where cq is as previously defined, ey

is the maximum strain (-5500 uwin/in)

and P is the strain duration time

(25 usec). Substitution of these values
will result in a maximum acceleration of
115,000 g, a valun very close to the
measurced value.

Second Test Series

A rectangular cutout was machined
into the cylinder wall to constitute the
model confiquration of the second test
series. Figures 1 and 6 show the . -
lccation and dimensions of this cutout.
As in the first test series, model
response was determined ty the taking
of photoelastic pictures and the
recording of strain gage outputs.

As was expected the photoelastic
fringe patterns taken prior to the . P
arrival cf tke stress wave at’ the cutout ¢«
are jdentical to thosé patterns taken
on the uncut cylinder. The interac*ion
of the stress wave with the cutout are
shown in Figure 7. Three phenomena are
readily apparert in this fiqure. First,
the reflection of the corpression wave
at the lower edce of the cutout results
in the prepagation of a tension wave in
the opposite direction from the initial
compressicn wave. Second, the inver-
action of the stress wave with the
cutout results in a stress concentration
at the corners of the cutout. This 1s
manifosted in the large increase in
fringe order that bccurs at these corners.
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Fig. 6 - Dimensions of cylinder
cutout
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Figure 7B indicates that the maximum
fringe order at these corners is 10,
compared to a maximum fringe order of
4-1/2 at a location away from the cutout.
These fringe orders, together with the
assumption that a plane stress, uniaxial-
strain field exists in the cylinder wall
and that a plane stress field exists at
the edge ot the corner, results in a
strain concentration value of 1.62 and

a stress concentration of 1.40, For

this program strain and stress concentra-
tions were defined as the maximum values
of such quantities at the location in
questions, e.g., the edge of the cutout,
divided by the maximum values of such
quantities in the free field of the
cylirder.

Finally, the photographs indicate
the formation of oblique relief waves,
(shown in Figure 7C) on both lateral
edges of the cutout, that propagate
into the remainder of the cylinder at
an angle of approximately 45 degrees,
2s previously mentioned the strain
field of the stress wave, prior to the
arrival at the cutout, has no strain
component in the circumferential
direction and, hence, there exists a
biaxial stress field. For a free edge,
however, there can exist no stress
component perpendicular to this free
edge, and when the stress vave arrives
at the cutout, the circumferential
component of the biaxial stress field
is relieved at the edge of the cutout.
This relief propagates into the

30

remainder of the cylinder and gives
rise to the oblique relief waves,

Figure 7D °shows the bending of
the stress wave around the back of the
cutout, The subsequent réunification
of the wave components results in a
fringe order considerably reduced from
the free-field fringe order. As can be
seen in Figure 7F this reduction is by
a factor of approximately two when the
peak of the wave has propagated a
distance away from the cutout equal to
the height of the cutout.

Third Test Series

The third test series was for the
determination of the axial acceleration
of the cylinder by *he use of
accelerometers. As previously
mentioned, the reason for obtaining
accelerometer data was for a comparison
of this data tor cylinder response with
the data obtaired by strain gages and
by photoelasticity. Such a comparison
would be facilitated if the measurements
were made in a uniform field away from
the wave disturbance that results from
the cutout. For this reason, the
accelerometers were mounted cn the
cylinder in a position diametrically
opposite that of the cutout. As the
accelerometers are large relative to the
wall thickness of the cylinder, it was
necessary to design and install a mount
for the accelerometers. The mount was
also made from Lexan and bonded to the
cylinder with ethylene dichloride., Its
geometry and location are shown in
Figure 8.

As mentioned previously, two types
of accelerometers were each employed in
two different types of data acquisition
modes to measure the acceleration of
the cylinder wall. The acceleration
histories, shown in Figure 9, indicated
that in all cases that the measured
acceleration was approximately 62,000 g.
This value is considerably less than
the acceleration of 126,000 g determined
by the reduction of the strain histories
obtained from the strain gages. The
mount to which the accelerometers were
attached had a depth of 0.375 inch
compared to the underlying wall thick-
ness of 0.097 inch., With this large
difference in thickness, a reduction in
acceleration is not surprising., The
task then became that of correlating the
acceleration measured on tne mount with
that calculated from the strain gage
ovtputs. Two approaches were taken to
resolve this issue.

First, photoelastic pictures were
taken of the stress wave as it
propagated into, through, and beyond the
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Fig. 7 - Fringe patterns in region of cutout for second test series
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Fig. 8 - Dimensions and location of
accelerometer mount

accelerometer mount. One such picture
is shown in Figure 10 and, as can be
seen, the mount resulted in considerable
disturbance to the free-field photo-~
elastic pattern. This pattern also
allows an assessma2nt of the average
strain in the mount and cylinder wall
directly under the mount relative to the
strain in the cylinder wall in a region

ce

‘Fig. 10 ~ Photoelastic fringe
pattern in accelerometer
mount at t = 120 usec

undisturbed by the mount. Such an
assessment is accomplished by comparison
of the maximum fringe crders in each
position in conjunction with certain
assumptions concerning the stress~strain
field in these two regions. The stress-
strain relationship for the cylinder

are given in Equations 2 and 3. These
two equations may be combined to give
the following expression for the axial
strain

A 2291 ACELLEROMETER

8 2292 ACCELERUMEIER

rig. 9 - Accelerométer readings in charge mode (30,000 g/cm, 20 usec/cm,

sweep delay * 120 usec)
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Because the length of the wave is long
compared to the cross-section
dimensions of the mount, a condition of
uniaxial stress is assumed to exist in
the mount. ' The applicable stress-

_strair relationships are therefore

<

o, *E ¢ (12)

o, =0 (13)

For later convenience Equations 12 and
13 are rewritten as

1
e, =g (o, - ay) (14)

The division of Equation 14 by Equation
11 will result ir an expression for the
ratio of the axial strains, This
expression reduces to

(e,) (0,-0,)
L. (do -(-—-,—1 (15)
‘C ’ +v g =0
X 2 b 4 Y 2

where the subscripts 1 and 2 refer to
the mount and cylinder respectively.

These differences in principal stress
‘are determined by the photoelastic

fringe patterns as applied to Equation
1. The 13tio of the differences in
principal stresses may be written

{o0_-0.)
xy'y o094,
. (16)

Cc @<, Cvf” (Ux'(zy,)z ‘nz
where n is the maximum fringe order

(17 fringes and 4-1/2 fringes for the
mount and cylinder wall respectively)
and d is the optical thickness (0.472
inch for the combined thickness of the
mount and cylinder wall and 0.097 inch
for the cylinder wall alone). The
application of these values plus the
value for Poisson's ratio of 0.37 to
Equation 15 and 16 results in a ratio
for the axial strains of 0.56. The
strain in the mount is therefore 56
percent of the strain in the cylinder
wall. This result can be applied %o
determine the ratio of the maximum
acceierations if it is assumed that the
axial strain histories of the mount and

. ‘ €, = =g) to, - ay) : - (1)

¢
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cylinder wall are of the same shape,
differing only in magnitude. 1If such a
condition exists, then the ratio of the
maximum accelerations equals the ratio
of the maximum strains. The maximum
accelerations in the mount should
therefore be 56 percent of the maximum
acceleration of the cylinder wall.
Assuming that the wall acceleration is
126,000 g {(as determined by strain gages)
ther the acceleration in the mount would
be 71,000 g, Considering the
assumptions made in the foregoing
analysis, this value is reasonably close
to the accelerometer value of 62,000 g;
this difference amounting to 14 percent.

As a second approach to the
determination of the validity of the
accelerometer re:dings, a biaxiai strain
gage was placed on the accelerometer
mount in the position shown in Figure 8.
The reduction of the axial strain
history from this strain gage gave a
maximum strain rate of -357 in/in/sec
corresponding to a maximum acceleration
(Equation 9) of 59,000 g, a value
approximately 4 percent below that
obtained with the accelerometers.

A summary of the values obtained
by the three instrumentation techniques
for accelerations is given in Table 1.

A comparison of the accelerometer
trace of Figure 9A for the 2291 with
that of Figure 9B for the 2292 shows
that the positive portions of the
traces are nearly identical. The
negative portions are different, however,
in that local oscillations occur in *his
portion in the trace from the 2292
accelerometer but do not appear in the
trace from the 2291 accelerometer.
Figure 9B shows that five cycles of
local oscillation occur for the 2292 in
36 microseconds, corresponding to a
frequency of 139 kHz. This frequency
is close to the manufacturer's stated
resonant frequency of 100 kHz for this
transducer and these local oscillations
are probably the excitation of this
resonance. No such oscillations appear
in the traces for the 2291 at a
frequency of 139 kHz nor are there
oscillations at 250 kHz, the resonant
frequency of the 2291 accelerometer.

For a further characterization of
the shock pulse, the outputs obtained
in the charge mode of both accelero-
meters were reduced to produce shock
spectra. As would be expected, the
shock spectra, shown in Figures 11 and
12 are very similar for the 2291 and
2292, The peak of both occur at about
150,000 g. This value is about 2-1/2
that of the peak acceleration of the
acceleration histories and such a ratio
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Fig. 11 - Shock spectrum from 2291
accelerometer data
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Fig. 12 - thock spectrum from 2292
acca2lerometer data
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is characteristic of shock spectra. It
is interesting to note the local peak
in the negative response porvion of the

‘shock ‘spectra of the 2292 in the region ¢

of 100,000 kHz. This local! peax is
apparently from the reso:.nce
excitation, and as such does not app:ar
in the spectrum of the 2291.

SIMILITUDE FEASIBILITY STUDY
Introducticn

The feasibility of scaling model
data to determine the dynamic respoase
of full-size prototypes depends funda-~
mentally on what physical parameters
are important in the response problem.
At one end of the spectrum are linear
elastic response problems for honou-
geneous, one-dimensional structuces
that are insensitive to strain rate and
that are undamped. At the other end
are response problems for structures
whose material constitutive relation-
ships are of such complexity as tc make
scale modeling extremely difficult if
not impossible. The present study is
concerned with metallic structures of
isotropic materials and scale models of
plastic materials, It is helpful to
first review the modeling requirements
of three-dimensional elasticity for an
isotropic body. Next the feasibility
of scale modeling when stress depends
on strain rate as well as strain will
be investigated and, finally, model
fabrication problems will be reviewed.

Model Requirements for an Isotropic Body

Consider an isotropic, homogeneous,

‘liriear elastic body that occupies a

volume V bounded by a surface B as

shown in Figure 13. The undeformed body
is initially at rest in a uniform
gravitational field g €, _The body is
subjected to body forces £ (Z, t) in the
interior, surface tractions $ (%, t) on
a portion of the bounding surface Bg,
and the displacement vector Y, (Z, t) is
prescribed zero on the remaining

portion of the bounding surface, By. .
The coordinates 2y of a point Z are with
respect to an orthonormal Cartesian
frame that can be considered an inertial
frzme. The, field equations for
infinitesimal displacements are

? o 32 uy
-,—zi+£i-o—ﬂ—+oqd1 (17).
b] It
g = 2UE + 28 . ¢, (18)

i3 i3 ij "kk

. c < ¢ e ’/,%/

- . , ‘A ug 3 u,

O . c'ij‘—’ 1/2 (5_2-)- + r;i‘) : 5(19')
where ”ij and eij are respectively the

" components of the stress and strain
tensors of classical elasticity; u, are

the components of the displacement
vector; d1 are the direction cecsines

of the gravitational field; ) and u are
the Lame constaats of the material, and
p is the mass density. The initial
conditions are

u (2, 00 =0 (20)
) 4
wu (&, 0e=0 (21)

and the boundary conditions are

= z » z
c s; (2, t): Zen, (22)

iy "3

z =9 2
uy (4, ¢} 9; ¢ ¢ B, (23)

where nj are components of the outward
unit normal % to By at the point 2 on

4

Inertial
Frame

L]

4

Fig. 13 - Elastic body and
coordinate system




this surface. These conditions and the
field ‘equations completely determine
the response U (Z,t), o, (%,t) and €43

(E,t) and hence identify all the
physical parameters important in the
response problem. In general it is not
necessary to know the governing
equations to identify the important
physical parameters in the response
problem. In fact, having identified 7
the important physical parameters, the °
modeling requirements can he determired
using the Buckingham Pi theorem without
recourse to the governing equations.
Counting the components of a vector or
tensor as only one parameter, there are
eleven physical parameters that
determine the response which implies
there are eight dimensionless Pi terms
that are sufficient to describe the
response. The eleven parameters* are
Gijl fi' g, ui' t, si' A, u, p, &, and

25, and a convenient set of Pi terms is

.. £.2 zZ, U, S,

iy i pgh TioCit Ju X Ti,
G(u"u'u lkl/_’u'u_?o (24)
The éuantityrl is any eonvenient
characteristic length.

These are not unique but are a
commonly used set of dimensionless

parameters. Equation 24 can also be
written

Q.. £.2 2, u s :
'%l = F(‘:—'rg%&l%l%r%/gf%l‘vi‘) {(25)

The scaling laws that are implied by
Eguation 25 can be stated as

s A
ag ‘ *] ¢
v m v .P
tL £
LA
m P
09k, . (04t
W w
z z
£ =
m P

. o : u . Ccﬂ a. e .y (26) .
3 i i o
(2 = (oY)
-r.m T P
t t
L . (& /Y
n T T 0 P
. . .
& =&
u m P
S. .8
= (5h
m p J

Where the subscript m denotes model and
p denotes prototype. The strains Eij

and direction cosines di must also be

equal. It should be emphasized that
the relations of Equation 26 are not
dependent on the governing equations;
they depend only on the Buckingham Pi
theorem. The strain-displacement
equations and stress-strain equations
can be nonlinear for example. The
interpretation of the relationships
given in tquation 26 is relatively
straightforward. °“For instance, the
first relationship of Equation 26 means
tilat stresses in the prototype can be
determined simply by multiplying the
stresses measured in the model by the
ratio up/um, provided that all the other

conditions of Equation 26 are satisfied.
The satisfaction of Equation 26 can,
however, require stringent model design,
especially if gravity forces are
impartant. When the model and prototype
are of the same material, simulation of
these forces requires either a full-
scale model or requires the changing,
somehow, of the magnitude of these force
fields. The problem could be further
compounded if the model and prototype
were made of different material., Even
when gravity forces are unimportant,
Equation 26 requires replica modeling
and requires the use of materials that
have the same Poisson'’s ratio, i.e.,
(A/u) = 2v/{(1-2v).

The use of models that have
Poisson's ratios different from the
prototype require an examination of the
influence of Poisson's ratio on
response, Past experience in ghoto-
elagticity for static loadings of modela
have shown that differences in Poisson's
ratios generally have insignificant

* Strain :ij and the direction cosines di are already dimensionless.
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effects in the prediction of stresses
in the prototype {3, 4, and 5]. As the
similitude relationships for the static
case are the same as those of the
dynamic case (Equation 26), with the
exception that the relationship

(t/t Yu/p ) = (t/L /u/p ) need not be

satisfied, it is possible that the
effect of different Poisson's ratios

may also be insignificant for the
dynamic case. An indication of the
effect for the dynamic case can be
obtained by an examination of the
equations of motion (Navier's Equations).
First a change of variables will be

made to non-dimensioralize the equations
per Equation 26.

»

£y = 7/t vy

- “1/l

t = (t/2) Yu/o, £t =1 2/u, g* = pg t/u

and the dilatation, e
that the equation can

ckk' defined so
be written

]
+
i at?

*

1*!'"9':3

(u*)

(1 Zv)3€ (e)+V u (27)

The only term explicitly dependent on
Poisson's ratio is the dilatation term
(i.e., hydrostatic stress term). The
-value of v for Lexan is near 0.37 while
v for aluminum is near 0.30 and, in
this raange, the coefficient 1/(1 2v)
does change significantly. One manner
to determine if this distortion will in
turn produce a significant effect on
dynamic response i that of the
employment of a two-dimensional
computer simulation code to predict
responsa for a reference shape using
different values of Polsson's ratio.

-

F.

Should the response change significantly,

a prediction factor to ccrrect this
distortion could possibly be determined
empirically for the actual structural
shape., This would require the testing
of several plastic models with
different values of Vm and plotting,

for example, the atrain (or any of the
nondimensional parameters of Equation
26) versus Ve The ratio of the non-

dimensjional strain at the correcc v and
the distorted v would be interpolated
from this graph and used directly to
predict prototype response. Although
the determination of a prediction
factor is a standard engineering pro-
cedure [6], the need to fabricate and
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test several models, plus the
difficulty or impossibility of adequate
variation of Poisson's ratio in these
models, make the application of this
procedure questionable for the type of
t.3ts described in this report. 1In any
event should the effects of difference
in Poisson's ratios prove unacceptable,
there still remains to the experimenter
the use of models made from the same
materials as the prototype.

Strain-Rate Effects

In the present study the loading
conditions are impulsive ir nature and
the physical parameters affecting
structural response must be re-examined.
This will be done using the simple Voigt
viscoelastic model and a nore general
viscoelastic model [7] that satisfies
fundamental thermodynamic considerations,
The Voiqt model traditionally has been
applied to describe viscoelastic
behavior because of its relative
simplicity. However, as shown in
Reference 7, the Voigt model exhibits
implausible thermodynamic behavior.

This is unimportant at low-strain rates
but, for high-strain rates, use of the
Voigt model is questionable. The more
general viscoelastic model has no such
inherent limitations and consequently
1s valid at high as well as low-strain
rates., In an effort to be comprehensive
both models are considered and it will
be shown that the scale modeling
requirements for the more general model
are quite different from those obtained
for the Voigt model.

Consider firtt the one-dimensional
Voigt relation for stress as a function
of strain and strain rate (€).

og=Ec +ne (28)

.This identifies one new physical-
parameter, n, that must be considered
to determine the structural response.
The units of this parameter are FL~™
and using the Buckingham Pi theorem
again we obtain the additional modeling
requirement

T

LIS
Lt g ™

( (29)

(—2
t /ug P

This requirement is similar to that
obtained for body fcrces and gravita-
tional forces in that the rate constant
n must be changed in proportion to .
The only manner in which this could be
satisfied would be to determine the
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" parameters of n, u, and p for both the
. prototype and model materials, apply
these values to Equation 29, solve-for

the ratio lm/lp, and apply this ratio

to the scaling of the model relative

to the prototype. It is unlikely that
the ratio would be of a suitable value.
Furthermore, if the prototype and model
are of the same material, the ratio is
one and the model would be identical to
the prototype. 1In fact a small-model
of the same material will accentuate
strain-rate effects according to the
Voigt model since

(30)

These differences will be small if the

condition E €max >> n € max hnlds.

Reference 8 indicates this is true of
metals and plastics at structural-
response strain rates (& ~ 103 in/in/
sec) but that it is not true of
plastics at shock-response rates

(¢ ~ 106 in/in/sec). The strain rates
associated with the Lexan models of the
present study were all under 103 in/in/
sec., 1If higher strain rates are
necessaty, empirical correction curves
obtained with different model materials
offer one possible solution. This
assumes of course that the materials
are all governed by the Voigt model.

The validity of a Voigt model is
questionable at very high strain rates
for most engineering materials in that
these materials possess an initially
elastic response not predicted by a
Voigt model. " Valanis (7] demonstrates
that “"contrary to expectation the rate
of irreversible entropy production
increases with the square of the rate
of strain according to [the Voigt]
theory.” The effect of strain rate
will now be reconsidered on the basis
of a model exhibiting behavior that is
thermodynamically plausible. This
model is based on a viscoelastic
potential that includes thermodynamic
coordinates and leads to the stress
response at a point as ’

g (t) = Cijkl‘kl (t)

i3
(31)

t 3e
1 k2
+I-°C ijkl(t-ur33— da

cijkl and Clijkl are elastic and visco-
elastic response functions respectivaly

98

NPT

and a is a dummy variable of integra-
‘tion. For isotropic materials

G
a B ¢ ec S.r, ot

°ij (t) = Ackk(t)tsij +2u ‘ij (t) .

t de
: 1 kk
: + Gij I_ml (t-c)—sa— da (32)

¢ <

©

tc N dc,
+ 2 [ ul(t-u) ; da

This identifies two new physical para-
meters Al(t) and ul(t), both functions
of the history of deformation, that
must be considered to determine
structural response. The units of
these parameters are FL-2 and using the
Buckingham Pi theorem we obtain

1 1
AT (e ) AT (e )
[ u"']=[ UJ]
" P (33)

1 1
uto(t ) uto(t))
{ u“‘]=[ ul’l ‘

Cm p

where model time and prototype time are
related as in Equation 26. These
requirements indicate that if the mudel
and prototype are of the same material,
the nondimensional response will be the
same provided the nondimensional
deformation history in model time is
the same as the nondimensional
deformation history in prototype time.
Equaticn 33, in conjunction with
Equation 26, therefore indicate the
feasibility of accurately determining
prototype strain rate effects from
measured strain rate effects in a model.

Fabrication Effects

¢

In the previous discussion the 2
possibility of replica scale modeling
of all important dimensions was tacitly
assumed. In actuality the fabrication
of a true geometrical model could be
difficult in that some portiuns of the
prototype often are relatively small
compared to the overall dimensions of
the prototype. The construction of a
model of reasonable overall size would
then require that these portions be
extremely small. A serjious manisfesta-
tion of this problem occurs in the case
of models of wvehicles that have very
large r/t values. For example, a
vehicle with an r/t of 500 would require
a wall thickness of 0,010 inch in a 10
inch diameter model, in contrast to the




- a true geometrical scaling.

0.097 inch wall thickness of the model
of the test program described in this
report. The wall thicknesses required
on such models may be too small for an
accoiirate geometrical reproduction. One
possible solution to such a situation,
is to construct a distorted model,
distorted in the sense that the thick-
ness dimensinrc uf the model violates
The major
difficulty of using a model distorted
in the thickness dimension occurs when
the response of the model to bending
forces and to in-plane forces are both
of importance. In such cases the ratio
of the dynamic response of the
distorted model to the dynamic
response of the prototype will be a
continually varying quantity. Hence
there will be no set multiplier to
convert model response to prototype
response.

The uc2 of distorted models in
static testing is not an uncommon
practice [6] and has previously been
outlined in this report concerning the
violation of the Buckingham Pi relation-
ship (Equation 26) involving Poisson's
ratio. In all probability, however,
the dynamic aspects of a dimensionally
distorted model will not in general be
compensatable.

Consequently it appears that it
will be necessary to zdhere to strict
geometrical models. The consequence
to the experimenter of strict adherence
to true geometrical models may not be
as serious as it first appears.
Although the diameter of the model used
in this test program was just over 10
inches, there is nothing inherent in
the technique which prohibits the use
of larger models. A diameter of 20
inches, for instance, would result in
a wall thickness of 0.020 inch for an
r/t of 500. Fabrication of a model

cylinder of. this thickness is withln . .
the present state-of-the-art.
¢

There are other problems 1nvolved
in true geometrical modeling that
although not as important as a
violation of the r/t ratio, must
nevertheless be considered. Actual
flight hardware often has irregqular
construction detail that may make it
impossible to achieve truely replica
modeling., This is particularly true
of joints and fasteners but it could
also include such things as residual
gtresses caused by fabrication.
Considcr for example a welded part that
has very thin gages when scaled. If
the scale model is also welded, the
resulting joint may have vastly
different properties because of thermo-
dyramic differences in the two welding
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processes. If a substitute mechanical
joint or no joint at all is used, the
vibration characteristics of the model
and prototype may differ considerably.
Perhaps the most noteworthy example of
the problems that can arise from joint
and fastener differences is the 1/10
scale replica model of the Apollo/
Saturn V, described in Reference 9.
This was a quality model in which
serious efforts were made to replica
model practically the entire structure.
In spite of this there were obvious
differences in bolted flange joints
because, as Reference 10 describes it,
"the thin-flange ring frames used in
the scale model would not hold their
planar shape.™ In addition to these
differences, the gravity forces on the
structure could not be scaled and this
allowed some joints to open during
vibration testing.

Another fabrication difference
that can be important in scale model
construction is caused by tolerances.
In most instances these differences
are unimportant but, if the response
is sensitive to imperfections, then
these differences can be significant.
Buckling of thin walled shells is an
example of a structural response
sensitive to imperfections.

CONCLUSIONS
The tests of this program showed

that photoelastic cylindrical models
may be successfully fabricated and

. loaded with short duration, uniform

loads in’'a stress-wave generator.
photcelastic and strain gage techniques
can be used to determine the response

of such models to the resulting stress
wave as this wave propagates through

the model. The phnotoelastic data give
quantitative information on stress and
strain concentrations at free edges of
the model and qualitative information
in the remaining areas of the model..

. Strain histories from the strain gage

data can be readily reduced to accurate
acceleration histories. Accelerometers
may also be used to get accelerations
that occur in the model and the
accelerations indicated the excellent
accuracy with which accelerations may
be obtained by reduction of the strain
gage data, The experimental portion of
this program also showed that shock
spectra for the model response may be
obtained by reduction of the accrlera-
tion histories.

The modeling requirements for
general isotroplic structures given by
Equation 26 indicater the feasibility
of model testing for dynamic response
if body forces and gravitational forces

Both
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can be neglected. The use of substitute
isotropic materials with different
Poisson's ratios may cause response
differences. In this event it will
probably be necessary to restrict model
materials to —he same materials as used
in the prototype, although there does
exist the possibility of determining
empirical correction curves based on
tests with different plastic materials.

The most efficient use of plastic
scale models is in design trade studies
where a number of concepts can be
evaluated using inexpensive models.

The feasibility of such testing was
established provided (a) that body
forces can be neglected and (b) that
response differences that result from

" differences in Poisson's ratio between

the prototype and model materials are
insignificant or that correction factors
can be obtained to compensate for these
differences. The feasibility of
prototype prediction by model testing
was also established subiect to certain
fabricaticn limitations., As a practical
matter, structures with complex 301nts
and fasteners or imperfection .
sensitivities will be difficult to
simulate in a scale model. Apr awareness
of this situation is important but it
does not limit the basic capability of
scale model tasting., Furthermore, it
may be necessary to construct relatively
large models in order to conform to
strict geometrical scaling in the cas

of models that model vehicles hav1ng

.large r/t ratios,

It is well to note that the
unresolved protlems associated with
dynamic mcdel testing, which are
discussed in this report (body forces,
Poisson's ratio, and exact scaling),
are not unique to dynamic modeling but
rather are general problems associated
with all model testing. <
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TIMEWISE OUTPUT OF PYROTECHNIC BOLTS

o . ¢ -

V. H. Neubert
The Pennsylvanfa State University
University Park, Pennsylvanfa

R. P, Parker
Uniroyal Research Center
Middlebury, Conrecticut

seconds long.

regarding the measurements.

The paper describes experimental results of measurement
of output axial force versus time of explosive bolts. A
Hepkinsen bar arrangement was used with strain qauges located
along the length of the bar to trace the force-time pulse,
which was found to be a compressive pulse about twelve micro-
The pulse was sufficiently short that disper-
sion of the wave occurred in the one inch diameter var., Re-
sults of some computations using the simple wave equati-~n ind
the Love equation are included to help confirm the conciusions
Some devices fabricated using
primaline as the expiosive are also briefly discussed.

e

INTRODUCTION

Vibrations and impact due to pyrotechnic
shock are an important part of the environment
which nust be considered for equipment on
spacecraft., 0On some missions, over one hundred
pyrotechnic devices are detonated, including
such items as nuts, bolts and pin-pullers, One
of the mst severe lnading conditions appears
tn be that due to the tearing of a circumferen-
tial V-band joint, using primacord, to separate
Many -acceleration
spectra have bees measured, usually up tn
20,000 Hz, with some to 50,000 Hz, but it is
not clear how one would use these spectra in a
design analysis. Therefore, much prooftesting
has been done; the best such device appears to
be a full-scale barrel te<ter where actual
For analysis and im-
provement ~; basfc understanding, it was felt
that a useful approach would be to measure the
force-time output of some typical pyrotechnics
and this force-time loadina could then be used
as a desiqn loading.

The loading was measured with a Hopkinson
bar arranqgement, which is a lonq, thin elastic
bar, traditionally used to measure axial loads
applied at one end [1]. If the wave lenqgths of

I

the ccmponents of the applied transient load
are long compared to the diameter of the tar,
say by at least a factor of ten, the resulting
stress wave travels alonq the lenqth of the bar
without changing shape. Longitudinal strain
could then be measured at any point along the
bar and the end loading deduced. As the ratio
of wave length to bar diameter becomes small,
dispersion of the stress wave occurs and the

wave changes shape as it travels é.onq the bar.-

Two types o' pyrdtechwics were tested
The present report shows and discusses primar-
ily the output from explosive bolts. Some pre-
}iminary work was also begun to determine re-
sultant forces qenerated during the tearing of
metal using primaline, which is a milde
string-1ike explusive than priracord.

Experiments and the associated analysis
show that because the pulse is only ten to
twelve microseconds long, frequencies at least
to 80,000 Hz should be considered. The assaci-
ated wave length ir steel would be Z-1/2
inches, wnich is not lona compared to the one
fnch diameter of the Hnpkinson bar used for
measuremerts, and dispersion of the stress wave
occurred, Therefore, the simple one-dimension-
al wave equation gnd the more exact Love equa-
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RN tion, which accounts for radial inertia effects
! . in the Hopkinson bar, were used in analysis.
\ Also in the bar, the particle acceleration is
v proportional to the time derivative of the
- strain-or pressure-time pulse. Analysis indi-
cated that the instrumentation avaijlable was
not adequate to measure acceleration, and no
acceleration measurements were attempted.

Since this work was completed, a similar
apparatus was developed at NASA Langley and
used to measure the output of explosive nuts.
The resultant pulses appeared to be Tonger than
those for the bolts. Strain and acceleration
measurements were successfully made on the bar
and results presented in Ref, [2].

EXPERIMENTAL ARRANGEMENT FOR BOLTS

Explosive bolts are available in many of
the standard sizes from Holex, Inc. The
studies reported here involved 1/4 inch and 3/8
inch diameter bolts. A typical 3/8 inch-24
bolt is shown in Fig. 1. The tolts are design-
ed to fracture circumferentially at a specified
“break Tine", 13/16 inch from the bolt head.
The total charge, explosive plus primer, is 440
milligrams for the 1/4 inch and 450 milligrams
for the 3/8 inch bolts, - The bolts were deto-
nated by touching extensions of the two wires
to the terminals of a 12 volt automobile bat-
tery. The battery was found superior to a
blaster's plunger or twist-type detonators,
which produced considerable electrical noise.

In Fig. 1, the details of the attachment
of the bolt to the end of the Hopkinson bar are
.shown. The Hopkinson bar was 100 inches long
and one inch in diameter. 1% was supported at
the quarter-points by piano wires in a pendulum
arrangement. The end of the bar was drilled
and tapped so the break line of the installed
bolt would be flush with the end of the bar,
The hole was countersunk 1/8 inch deep to a
specified diam.ter to allow for expansion and
tearing of the bolt at the break line. The
bo¥t was inserted through a washer and chamber.
The outer diameter of the chamber was one inch,
but one of the first chambers fractured radial-
1y, so on subsequent tests the chamber used had
a 1-1/2 inch outside diameter. The end of the
chambar was also countersunk at the bolt expan-
sion 1ine, Typically, after the test, the bolt
head and snank would remain stuck in the cham-
ber and fly free from the bar. For safety, a
five-sided box of 2 inch pine was slid over the
end of the bar to catch the flying pieces. The
threaded end would remain stuck in the bar,
The threcded end was easily removad using a
pliers and an easy-out tool so the same bar
could be used for more than one test. All the
tests of 3/8 inch diameter bolts were serformed
using this arrangement. Several tests were
made with 1/4 inch diameter bolts with corre-
sponding changes in dimensions of holes in the
chamber and bar.
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Fig. 1 Experimental Arrangement for ExpTosivé
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EXPERIMENTS WITH PRIMALINE

Another form of pyrotechnic, primaline,
was studied briefly, and the preliminary re-
sults are presented here. Primaline is a min-
jaturized detonating fuse with approximately
four grains/foot of explosive and a diameter of
about G.010 inch. [t was furnished by the
Ensign-Bickford Company. It is detonated with
a standard electrical blasting cap. The deta-
nation travels about 21,000 feet per second

3

At first it was not known what thickness
of metal could be torn by primaline. In Fig.
2, an arrangement is shown by which four thick-
nesses of brass shim stock were tried at one
time, each piece 3 inches by 1-7/8 inches. A
heavy steel back-up plate 1/2 inch x 1-7/8 inch
x 12 inches had a 1/8 inch x 1/8 inch groove
machined along its length to receive the prima-~

.line and the thin brass plates were clamped to

this plate. It was found that the primaline
was capable of tearing all four thicknesses.
No timewise measurements were made during this
test. It appeared that the tearing action oc-
curred in two steps--first a neat, 1/8 inch
wide cut was made in the shim stock, then the
gas pressure bent the remaining shim stock up
against the face of the clamp. Since the prim-
aline successfully cut brass plate as thick as
0.010 inches, this thickness was used on later
tests with primaline. .

The purpose of the third experimental ar-
rangement was to measure the output of a 5/8
inch diameter ring of primaline during the
tearing of brass material 0.010 inch thick, sae
Fig. 3. A brass end cap of 1-1/2 inch outer
diameter was made to be screwed onto the end of
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.a 100 inch Tong, one inch diameter bar.- A cir-
cular groove 1/8 inch wide x 1/8 inch deep and
5/8 inch diameter was machined on the inside of
the cap to hold the primaline. The thickness
of material left to be cut was 0.010 inches.
The primaline was fed in through a hole in the
cap. The other end of the string of primaline
was detonated using a standard electric cap
which was exploded inside a box, made of two
inch thick wood, to catch the pieces of the
cap. After the test, a neat circular hole of
3/4 inch diameter was left in the end cap. The
circumferential length of contained primaline
was nearly two inches, so the total pressure
rise time should have been at Jeast 9 microsec-
onds, the time for the detonation to travel 2
inches along the cord.

The purpose of the fourth experimental ar-
rangement was to excite beam bending vibra-
tions. Again, a 100 inch long, one-inch dia-
meter steel rod was used, supported at the
quarter-points, but free to swing in the later-
al direction. A brass jacket was made of 0.010
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Fig. 2 Test Device for Tearing Various Plate
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“inch thicl: shim ctock 2-1/2 inches long, see - ,

Fig. 4. The jacket was cylindrical except for P =°
a lengthwise bulge to receive the(.0! inch dia--
meter primaline. By using 2-1/2 inches of
primaline, it was felt that the minimum rise
time for the loading would be at least 11
microseconds. Again, the primaiine cut the
materiail neatly. Apparently an instant later,
the diametrically opposite soldered joint fail-
ed, and two separate pieces of brass shim stock
were found in the "collecting® box which is al-
ways placed over the bar end for safety pur-
poses to catch debris.
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Fig. 3 Experimental Arrangement for Axial
Excitation of Bar Using Primaline

ELECTRONIC EQUIPMENT

The pick-ups used were Micro-Measurement
foil, resistance-type, strain gauges 1/8 inch
long, Each of these was connected to one arm
of an £111s BAM-1 bridge amplifier. Five
bridge amplifiers were used. Two of these have
DC to 100,000 Hz capability while tne response
of the other three begins to drop off at 25,000




Hz. The sigrals from the amplifiers were re-

- ¢orded on a Sangamo- 3563°tape recorder, which
“on FMhas‘a-rang2 of O to:80,000 Hz with a rise
time of 5 mieroseconds. Signals were recorded

at 120 inches per second and played back at

3-3/4 inches per second, giving a ratio of
record-to-playback speed of 32,

Gauges were located at stations 5 inches,
10 inches, 20 inches and 50 inches from the end
of the bar. Two strain gauges were Tocated at’
each station, on diametrically opposite sides
of the bar. The axis of the strain gauges was
parallel to the axis of the bar, to weasure
axial strain. By having two gauges at each
station, bending as well as axial deformation

could be detected.
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Fig. 4 Experimental Arrangement for Lateral
Excitation of Beam Using Primaline
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TEST RESULTS

’ The tests results for a certain size bolt
weré quite repeatables Typical experimental
records are shown in Figs. 5 and 6. The rec- "
ords from two strain gauges located 20 inches
from the explosion and on diametrically oppo-
site sides of the bar are shown for the test of
a 1/4 inch diameter bolt. Also shown is a
100,000 Hz timing signal. The strain signals
should be of the same magnitude and phase if-
the pulse is axial, without bending. If there
were pure bending the signals would be of the
same magnitude but 180 dagrees out of phase,
The top set of records in Fig. 5 corresponds to
an oscilloscope playback sweep speed of 5 mil-
liseconds/major division. Multiplying by 1/32
for the relative tape speeds gives 156 micro-
saconds/major division. A primarily compres-
sive pulse first occurs at time t} which is

seen, reflected as a tensile pulse, again at
time t, after travelling 160 inches. It then

appears again as a compressive pulse at t3 af-

ter travellirg 40 more inches, after being re-
flected from the initially 1saded end of the
bar. Relating the distances travelled to the
elapsed time between pulses indicates a wave
speed of about 210,000 inches per second, which
is close to the expected elastic wave speed for
steel. The two lower playbacks of Fig. 5 cor-
respond to 500 microseconds/division divided by
32 = 15.6 microseconds per division, which is
confirmed by the timing trace. The central and
tower set of signais show the first compressive
pulse at time t‘ on the expanded time scale.

The two strain signals are seen to be almost
perfectly in phase, indicating little bending.
The difference in height is due to difference
in amplification. Taking into account the cal-

. ibration, the peak strain for the upper trace

s 1140 microinches/inch and, for the jower
trace, fs 1190 microinches/inch.. If the mater-
ial is elastic, with £ = 30 x 10° psi, the cor-
responding peak stress is 3%,700 psi. No per-
manent set was recorded by the gauges, so it is
assumed that this is a reasonable estimate of
peak stress at a distance of 20 inches from the
explosion.

~ In Fig, 6, the playbacks-were made with
different amounts of time delay to show, in
more detafl for the same test as in Fig. 5, re-
flections of the initial pulse during its sec
ord and third appearances. The central dis-
play shows the first reflected tensile pulse at
time tz, which indicates that an attentuation

of about 457 occurred during the 160 inches of
travel in the solid bar. The lower display
shows again the tail of the same pulse as well
as the first reflected compressive pulse at
time ta which appeared to right of center in

the top display in Fig. 5. The top display
shows this same reflected compressive pulse to a

time scale expanded by a factor of twa. It should

3




Fig. 5 Strain Records at x = 20 Inches Showing
Long Term Response and Details of First
Cumressive Pulse, 1/4" Bolt

be noted that the pulse continues to decrease
in magnitude and lengthen in duration, which
indicates dispersion, Also the peaks immedi-
ately after the major peak tend to become rel-
atively larger,

The pulses shown are typical in shape to

K

those obtained some distance from the explosion
with different size bolts and also from the
primaline in the end cap. Closer to the explo-
sion, at the 5 inch and 10 inch stations, the
{nitial strain signals showed tension as well

as compression.

The explosion and tearing pro-

cess of the bolt is obviously complex. Ini-
tially, inside the bolt, a pressure would de-

Fig. ¢ Strain Records Showing Details of First
Reflectad Tensile and First Reflective
Compressive Pulses, 174" Bolt
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cumference, at the threads, would be in ten-
sion, The end of the bar is submitted to a
complex stress distribution, and the waves must
travel some distance befcre they can be consid-
ered nearly plane waves. Also, the length of
the inftial pulse compared to the bar dizmeter
indicates dispersion should be expected.

Although no precise displacement measure-
ments were made, it was observed that the bar,
supported in a pendulum arrangement, swung
about 8 to 10 inches. From this, the impulse
delivered to the end of the bar checks well
with the area under the Toad time curve.

i

THEORETICAL ANALYSIS .FOR BAR

The purpose o0f the theoretical analysis
for the bar is primarily to determine if the
force-time input over the cross-section can be
deduced from measurements at various stations
along the bar. Once!the net force-time output
is known, presumably; this could be applied as a
Toad for analysis of| other configurations.

For the elastic bar, analysis was per-
formed using the simple wave equation in one
dimension j

2 2
3 Y

E -—% =05 (1)
3x at

. E?—i“po,f%-ovkz-—gf% (2)
FY S jat ax at K

where o = mass denslity
E = Young's modulus
v = Poisson’s ratio
t

k’=» radius of gyration of the cross- .
¢ section about a longitudinal axis

The assumed force-time input to the end of
the bar was !

F(t) = Fo Sinwt | o<t
2z Q t>1’t
T w
Theoretical pulse lengths of 10 and 25

microseconds were used, corresponding to w =
100,000~ and 40,000~ respectively,
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A.) One-Dimensional Wave Equation

.« Since much practical structural anralysis
is ‘performed using a normd} mode approach, the .
solution for Eq. %1) was first carried out by °
that method. It is well known that the pulse
travels the bar without change in shape accord-
ing to this theory, so the convergence of the
normal mode solution could be checked against
the exact solution.

In Fig. 7, the result of: summing 50, 100,
200 and 500 modes is shown for a 10 microsecond
half-sine pulse with Py = 30,000 pounds, which
corresponds to a stress of 38,200 psi, or a
strain of 1,270 microinches/inch. The curves
show the predicted strain pulse at x = 20
inches and 50 inches., The 200 mode solution
still involves about a 5 percent error in pre-
diction of peak strain and a 15 percent error in
pulse length. Use of 500 modes results in very
neqligible error,

In Fig., 8, the predicted acceleration is
shown at x = S0 and at, x = 100 inches, for the
first wave, and again at x = 50 inches for the
first reflection.
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Fig. 7 Strain Versus Time, Elementary Bar -
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The one-dimensional tieory indicates that the
following should be trie:

If u = F(x-ct) for a wive travelling in the
positive x-direction, ‘

:.al: "y
strain = == f'(x-ct)

’ particle u ,
velocity = =5 = -cf (x-ct)
particle a2 2

acceleration = —-% = ¢Sf"(x-ct)
at
strain 32
rate = axgt = ct*(x-ct)
2
.12

The particle acceleration time curve would
be proportional to the slope of the strain
curve, For a 10 microsecond strain pulse, the
particle acceleration is as shown. Peak accel-

eration is about 83 x 10° in/sec? or 215,000q
at the center of the bar. Oue to reflection at
the free end of the bar, it is doubled. The
sclutions for 50 and 500 modes are shown.
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Fig. 8 Acceleration Versus Time, Elementary
Bar Analysis, To = 10 psec, Po s

30,000 1b.
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In Fig. 9, the convergence of the acceleration-

time solution for the first reflected pulse is

shown for the various number ¢f modes.

Strafght lines are shown if sufficient points . ) .
were not computed to trace a curve, Since ac- ° < B
celeration is proportional to the derivative of

the strain, it converges less rapidly. Note

that the 200 mode solution has a precursor wave

which should not exist, but this is eliminated

by taking more modes.

4
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Fig. 9 Acc:leration Versus Time, x = 50", Ele-
me itary Bar Analysis, t, = 10 usec,
P° = 30,000 b,
8.) Love Equation ° e S e

. In Fig. 10, the stress pulse is shown at -
x » 5", 10" and 50" as predicted by the Love
theory. Dispersion is indfcated by the fact
that the peak stress decreases in magnitude as
the wave travels, the apparent pulse length in-
creases, and a tension “tail" beqins to devel-
op. A longer pulse should show less dispersion
for the same dfameter bar, This is demonstra-
ted in Fig. 11, where the pulse shape at 50" is
compared for a 25 microsecond half-sine pulse
compared to a 10 microsecond half-sine pulse.
The pulse shape at various stations for a 10
microsecond pulse agrees fairly well with that
predicted by the Love theory. The experimental
pulse also lenqgthens with distance travalled,




from the bar tests could be used for more com-
:plex structures, one test was performed to ex-
cite the 100 inch bar in bending using the ap-
paratus of Fig. 4. The analysis of the bar as
3 free-free Timoshenko peam submitted to a lat-
eral half-sine pulse of a 10 microsecond dura-
tion was completed by Parker [4]. However, it
appears that the tearing of the sleeve in Figq.
4 does not produce a sharp lateral pulse be-
cause the pressure wave quickly tears, folds
and blows the entire sleeve away, 5o the end of
the bar is quickly engulfed in the air pressure
wave. A stiffer sleeve would probably be bet-
ter, but the added mass may effect the beam vi-
brations. Further work is necessary here.

SUMMARY AND SUGGESTIONS FOR FURTHER STUDY

Results to date may be summarized as fol-
Tows:

1.  The measurement of strain ia a solid bar
five or more inches from the explosion appears
to present no experimental difficulty with the
equipment used, The rise time is about 10
microseconds which is within the capability of
the amplifiers and recorders ysed, The measure-
ment of acceleration is more difficult, because

Fig. 11, Stress-Versus Time.at x = 50", Love
Theory to = 10 and 25 psecy Po 2

30,000 1b,

of the more rapid rise time and the high accel-
eration involved.

2.. The example given here showed a peak .
stress of 35,700 psi from a 1/4 inch bolt at
the 20 inch station, with no permanent set.
Nearer the explosion, apparent stresses of
55,000 psi were measured in the mild steel bar
with no permanent set. Thic is assumed to be
due to increased yield strenyth associated with
the high rate of loading.

3. The net impulse is compressive even though
the pressure-time varfation over the cross-
section at the baslt threads must be quite com-
plex. Initially the pressure would increase
causing compressfon, The bolt wall is in ten-
sion as 1t attempts to contain the explosion,
Thus thero might be first a net compressive
phase and then a tensile phase, although the
compressive phase seems to dominate for the
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bolts., At the 5 inch station, for the prima-
“line axial loading, a tensile phase appeared
first, followed immediately by a compressive
pulse. This may be due to the fact that the
threaded portion is on the outside of the bar
for that test. At greater distances from the
explosion, the compressive pulse dominates for
the primaline, too. Thus it is felt that 5 or
10 inches from the explosion, the strain at the
surface is not representative of the strain
distribution over the cross-section,

The fact that the net impulse is compres-
sive was also shown by the fact that the bar,
supported like a ballistic pendulum, swung
away from the explosion in every case. The net
impulse was checked by observing the amount of
the swing on several tests.

4, The prediction of strain or acceleration
due to pyrotechnic shock is not at all hope-
Tess. Elastic wave theory is adequate for the
configurations used. Normal mode solutions
were attempted because there is great interest
in the number of modes excited. This interest
is associated with the use of finite elements

and related grid spacing.

Summing of many

modes for a bar or Bernoulli-Euler beam is ac-

curate and inexpensive,
normal mode solution for
came much more difficult.

The Timoshenko beam
a free-free beam be-
More experimental

work needs to be done with beams.

After that,

shells should be investiqated, since anmalysis
wiuld save much present expensive prooftesting,
Response of shell-mounted equipment is of pri-
mary interest. It would appear that scme tech-
niques may be used based on mechanical imped-
ance and Fourier transform to avoid summing
many modes.

5. A principle result of the study is the
conclusion that significant high frequency ac-
celerations exist above 10,000 Hz and that ef-
forts should be made to measure acc2lerations
to higher frequencies. As capability of in-
strumentation extends to higher frequencies so
does the interest in structural and materfal

c response. It is recognized that in many aero-
Space structures, pyrotechnic disturbances lose
. high frequency content rapidly as they are
transmitted through conplex structures. This
is confirmed in data presented by Rader and
Bangs [5], who show shock spectra to 10,000 Hz.
The same data also shows that there is a pos-
sibility of amplification by the structure. A
shock spactrum is shown in which the leve! 35
inches from the source is almost twice as great
as the level 3 inches from the source, at 1600
Hz. 1In a separate report (6], data for re-
sponse of a stiffened shell, shows very little
attenuation with distance along a longeron, but
there is attenuatfion around the circumference
of the shell, [n reference [6], some shock
spectra are presented to 30,000 Hz,

6. Careful desiqn and pronoftesting has aopar-
ently minimized tne problem of structural and
electronic equipment dumane due to pyrotechnic

shock. However, the improvement of design

"analysis procedures still represents consider-

able challenge. Shock spectra are of limited
usefulness, in part because of the well-known
weakness that associated phase information is
Tost. It is felt that the study of effective
force-time outputs is more basic and useful for
desian purposes and should be pursued further.
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Mr. Chapman (Jet Propulsion Laboratory): We have
long speculated about the frequercies generated
from pyrotechnic devices and your paper is very
enlightening in that respect. Your concern over
the high frequency would depend upon your mode
of business, If you were a semiconductor
manufacturer you would be interested in the
frequency range that you talk about based upon
your 12 microsecond primary pulse. 1 was very
surprised to see that the duration of time was
that small. On the other hand if you are
designing spacecraft and if you are interested
‘in primary members you are worried about the
lower frequencies, but in any case it seems as
if the biggest problem is in measuring these
events accurately. In you case you used an
oscilloscope so the data are realistic; when you
just put it into a commercial charger amplifier
and then into a tape recorder that has a band-
width of 80,000 Hz, and is running at 120 inches
per second you may not be getting the results
that you think you are getting. It is my opinion
that in many cases, depending on how close your
transducer was to the actual event, you may be
seeing the impulse response of the electronics
rather than what actually physically occurred

in the detonation of the device.

Mr. Parker: I think the fact that we have fed
in 100,000 timing signals, and it came out
is some indication that we were seeing what we
think we were seeing.

Mr. Prescott (Jet Propulsion Laboratory): In
these tests, both of the Holex Bolt and of the
Primaline you are dealing with an impulse input
.from a high explosive with a detonation velocity
of maybe 6,000 meters per second. This is a
differeat class than an explosive device that
would use a power cartridge that would be
essentially a pressure generation device, where
the pressure would build up in perhaps a quarter
to a half millisecond. It might be that the
frequencies involved in something like that

o might be considerably lower.

e <

© ce : c
Mr. Workhoven (Sandia Laboratories): Could ¢
elaborate on the mounting techniques of the

strain gages that you used, and perhaps the

problems that you had?

Mr. Parker: We didn't use Eastman 910 cement on
that job; as I recall it we used a heat cureable
epoxy that was manufactured by Baldwin-Lima-
Hamilton. We used the game bar for several
tests since they were not destructive, and there
was no evidence that the gages were coming loose
after eight or ten tests.
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PYROTECHNIC SHOCK REDUCTION *

- . 8. N. Prescott
Jet Propulsion Laboratory
Pasadena, California

The pyrotechnic shock output from electro-explosive release devices
has been reduced by changes in the separation mechanism designs.
State-ol-the-art hard point release devices were tested on ar instru-
mented simulated spacecraft structure. The accelerometer data were
reduced by computer analyses to shock spectra. Comparisons were
made between shock spectra and actual degradation or damage to
spacecraft equipment. Theories of shock generation mechanisms were
propounded. Devices were designed and fabricated to incorporate
shock mitigation features suggested by theory. These devices were
fired on the instrumented structure and the shock spectra obtained
were compared with those taken from the previous devices. Significant

reduction in shock output was noted.

INTRODUCTION

Pyrotechnic shock can be defined as the
complex vihration and shock transiexnt generated
by the actuation of an explosive or pyrotechnic
device. Pyrotechnic shock differs from other
mechanical shocks by the predominance of high
frequency excitation with intermediate peak
accelerations. These peaks may occur at the
local resonant frequencies of tie structure,

The actual amount of mechanical shock
Introduced into the structure by a space vehicle
type pyrotechnic device is very small when

‘ecompared with the kind of shocks which you

find in military applications both in the opera-
tion of weapons and the effect of someone
operating weapons against you. But these
relatively small shocks are important to people
in the spacecraft design business because
spacecraft are relatively small and therefore
the pyrotechnic devices are necessarily close to
all the mechanisms and equipment aboard.
Spacecraft contain delicate components which
have been found to be sensitive to shock. New
spacecraft designs have intensified the effects

of the mechanical shock output from pyrotech-
nic devices. Miniaturized electronics and
scphisticated experiment devices are more
sensitive to damage {rom high frequency i~puts
of relatively low total energy. Hard point
structural separation joints provide direct
pyrotechnic shock paths. The rigid structure
tran=mits high frequencies of shock. The
requirements for pyrotechnic redundancy call
for the use of dual squibs. This doubles the
explosive energy input, Heavier spacecraft
require higher preload on attachment devices
with a resultant increase in stored energy.
These increases in pyrotechnle shock cause
increased cost in design constraints, shock
mounting, testing of components and systems,
and fallure analysis. - ¢

If we do have failures, they are not usually
of a predictable type. They include migraticn
of particles within integrated circuits causing
random shorts, or brittle fallures of small
components which have the appearance of
fatigue failures. Gyro drift has been induced
up to one half of the total allowable drift from
spacecraft separation device initiation.

*This paper presents the results ol one phase of research carried out at the Jet Propulsion
Laboratory, California Institute of Technology, under Contract No. NAS7-100, sponsored by the
National Aeronautics and Space Administration,
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been seen a.fter pyro shocks.

Cﬁanges in frequency of radio crystals has

The conventional method of assessing the
effects of pyrotechnic device shock on a partic-
ular spacecraft is to assemble all subsystems
on a "'developmenrtal test'' or ""pyrototype test
model' spacecraft and fire all pyrotechnic
devices. The electronic subsystems are
monitored during the tesi for transient effects
or examined after the test for evidence of per-
manent damage. Obviously, this test can be
performed only after the design and fabrication
of the initial spacecraft is complete. Attention
to the reduction of shock generating mecha-
nisms in the design of pyrotechnic devices
would contribute much to the successful out-
come of spacecraft pyro shock tests.

In general, there are three approaches to
the problem of pyrotechnic shock: shock isola-
tion of components; shock attenuation in struc-
tures; and the reduction of the shock produced
at the source. This last approach was used in
the research described here.

This investigation of pyrotechnic shock

: mitigation was initiated as a part of the Quter

Planets Grand Tour spacecraft Technical
Development Continuation program. After can-
cellation of this project, the information which
had been obtained was collected in this report.

These data are presented for information
only and do not constitute endorsements or
evaluation of the specific devices tested or of
" their manufacturers, : e

RATIONALE

The shock output of conventional pyrotech-
nic devices of a variety of types and from
various manufacturers were to be characterized
by tests on a typical spacecraft structure. This
characterization was to be correlated with
damage indications on actual spacecraft compo-
nents, A model of the shock production mecha-
nism was to be developed, Pyrotechknic devices
which eliminated or greatly recuced pyro shock
effects were to be demunstrated. Design cri-
teria were to be established for reliable, low
shock devices.

INITIAL DEVICES TESTED

To keep the investigation within manageable
limits, it was restricted to hard point release
devices installed with an axial preload of
10,000 pounds, The mounting provisions were
kept as similar as possible. The stored energy

. release mode (Flgure 2).
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in the structure external to the release device

Atself thus remamed constant .

The purpose of these initial tests of off- < ¢ .- o
the-shelf devices was to provide a baseline
against which to compare the effects of design
changes. Pyro shock data were obtained on
the devices described as follows:

Type A - P}rotechnic release nut
Type B - Explosively .-actuated bolt:
Type C - Explosive nut

Type D - Dual piston separation bolt
Type E - Explosive nut

The Type A release device consists of a
segmented nut retained by a locking piston
encased in an external housing, The firing of
an explosive squib displaces the piston and
releases the nut segments. An inner piston
expels the attaching bolt. (Figure 1.)

The Type B/C explosively actuated bolt/
nut assembly has two different modes of sepa-
ration. The bolt is separated in the shank area
on firing by actuation of a piston against
elastomer pads. The nut contains a special
threaded collet which opens on firing releasing
the grip of the bolt. The device was tested in
each mode and in simultaneous release but
instrumentation difficulties prevented the
recording of usable data in all but the nut

€ o
o <

The Type D dual piston separation bolt has
one separation plane and is separated by the -
pyrotechnic actuation of cne or both of two
internal pistons (Figure 3). Data were obtained

AFTER
ACTUATION

BEFORE
ACTUATION

Fig. 1 - Segmented nut
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Fig. 2 - Bolt/nut assembly

on actuation of both pistons in individual and
simultaneous firings.

The Type E explosive nut assembly con-
tains a threaded and slotted nut which is
deformed by a piston to release a bolt similarly
to the Type C device.

A number of other devices were scheduled
to be tested. A reduction of scope required by
funding constraints prevented further state-of -
the-art tests.

Test Structure and Instrumentation

The test structure consisted of half of an
actual Mariner spacecraft. It was attached
rigidly to a metal floor plate (Figure 4). The
spacecraft structure was of semimonocoque
construction with longerons and shear web

" . skin. There were simulated electronic chassis

"black boxes” attached in the same manner that
would be used on the actual space vehicle.
Relays and other circuit components mounted
in these boxes were electrically monitored for
shock effects. High frequency crystal shock
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Fig. 3 < Dual piston bolt
y

. Fig. 4 - Test structure

accelerometers were mounted at twelve points
on the structure and chassis (Figure 5).
Therefore, data were obtained. both on nearby
shock effects and on the shock transmitted
through realistic structural paths [1].

Each release device was mounted on an
aluminum plate ( Figure 6) and attached to a
similar plate which was mounted on the space-
craft structure by three one-quarter inch cap-
screws. Thereby the structural preload
external tn the device consisted of a ten thou-
sand pnund load between two one-half inch
aluminum plates. :

Data Conversion

The data were recorded on 12 channel,
20 kilohertz, FM tape at 60 inches per second.
To allow direct comparison r{ shock damage
potential, the acceleration data were converted
to shock spectra [2].
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Fig. 6 - Device mounting

The conversion of analog data from the
accelerometers to shock spectra was accom-

" plished by digitizing the data in the selected

time interval, and transforming the data from
the acceleration-vs-time domain to the acceler-
ation-vs-frequency domain by a Fortran pro-
gram 3] adapted for the Univac 1108 computer.
The transformation was assigned a Q value
representative of the structure. The shock

- spectrum of a transient at a point on the struct-

ure was taken to be the maximum response of
a massless oscillator piaced at that point where

. the transient was applied to the transducer.

Both “primary’ and "residual’”’ shock spectra © °
were obtained and printed by a Stromberg-
Carlson 4200 plotter (Figure 7).

The primary shock spectra in the region
between 20 Hertz and 20,000 Hertz were plotted
on a log-log scale of acceleration values from
10 "g"s to 100,000 "g'*s. All spectral data were
obtained with a Q of 20. As a check on the con-°
version effect ¢ an assigned Q value, the data
from one accelerometer was converted into
shock spectra with Q values of 5, 10, and 20.

As would be expected, the maguitude of the
digitally gererated shock spectral g" levels -
was a direct function of Q. The celative inten-
sity versus frequency remained the same.

For budgetary reasons, all data were not
converted to shock spectra, Representative
accelerometer locations were chosen and com-
parative shock spectra were generated for the
various types of devices.
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Mechanism of Shock Production

et An‘examination was made of the-apparent °
shock generation mechanism of each device,
The predominant causes of high shocks were
estimated to be:

- impact of moving parts which had been
accelerated by pyrotechaics

- energy released by the fracturing of
separation device parts
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- sudden release of the preload energy in
the device a.nd in the attached structures.
I As all of the devices mcntioned in this
report were actuated by deflagrating squibs
(metal-oxydant mixes) no higi explosive detona-
tion phenomena were considered.

The reasoning behind this selection of
pyrotechnic shock mechanisms started with the
observation of device squib tests. Pressure
versus time measurements were made at the
Jet Propulsion Laboratory on production lots of
the explosive squibs which are used to actuate
pyrotechnic devices. These squibs were fired
in constant volume test bombs and the pressures
generated were recorded with pressure trans-
ducers. An accelerometer was attached to the
test bomb in an attempt to get a time indication
of squib initiation. Examination of the "g"s out-
put of the accelerometer revealed that a much
lower output was recorded than was recorded
on pyrotechnic device shock tests. This indi-
cated that "'pyrotechnic shock' was not primar-
ily caused by squib firing. Obviocusly, energy
transfer mechanisms other than the simple
pressurization of the device body, were respon-
sible. Relating the textbook treatment of
impact to an actual design problem can be dif-
ficult. But exact answers are not always neces-
sary [4(] Examination of the function of each
type of device provided insight irto the major
causes ot shock generation. ” g u.¢ 1)

The Type Adev'  .as a locking piston
which was ac~n~'¢  .:a by the squib pressure.
When this pix. . reached the point in its travel
where the curners of the nut segments nolonger
were rostraired, the pre-load on the nolt was
released. This produced a sudden relaxation of
the deflected components, modified by the sixty
degrce ramp provided by the mating screw
threads. The piston continued to move until it
Impdeted the housing which was in contact with
the structure. The primary shock géneration
meéchanism was estimated to be impact. of
moving parts. The stored energy released was
a secondary shock source as the Internal deflec-
tions in the device due to loading were small.

The Type B explosively actuated bolt shown
in Figure 2 is broken in tension when an inter-
nal piston accelerated by an explosive squib
strikes an elastomer pad. The kinetic energy
of the piston, augmented by the residual pres-
sure against it 1s partially transferred into
hydrostatic shock in the elastomer, The high
transient stress breaks the bolt at the mintmum
cross-section plane. The remainder of the

.

3
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piston energy is expended in impact with a
conical retaining surface. Pyrotechnic shock
energy was gencrated by fracturing separation

-device parts, and impact of moving parts.

Stored preload energy was estimated to he
small from visual examination of the boit.

The Type C explosively actuated nut shown
in Figure 2 releases the bolt wken an explos-
ively accelerated piston strikes a slotted nut
and deforms it to disengage the threaded collet.
The primary shock generation mechanism is
estimated to be the impact of moving parts with
sudden release of preload energy as a second-
ary effect. The Type D dual piston separation
bolt shown in Figure 3 presents the same
apparent shock generation mechanism as the
Type B bolt.

The Type E nut assembly vas similar to
the Type C nut in function and shock generation
mechanisms.

Principles of Lew Shock Device Dest, .

Pyrotechnic shock is characterized by
sudden transfer of energy to structure. The
same energy released over a longer period of
time can be absorbed without the generation of
high frequency shocks. Momentum exchange
between the pyrotechnic device and the struc-
ture is caused by the center of gravity shift
during actuation. Shocks induced in the same
direction that structural loads are carried are
transmitted into surrounding structure more
efficiently. Shock puises are generated by the
fracturing or impact of pyrotechnic device
parts. Based on these rather obvious points,
the following preliminary priuclples of low-
shock device des'gn were propoved:

- gradual release of sicrer cnergy

- cancellation of external momentum .
‘ excl-ange . e e e

- management of prlmary shock direction

- eliminating impact of mcving internal
parts

Revised Pyro Devices Teated

Modified ana redesigned devices were
made in-house or were submitted for test by
outside manufacturers, These designs incor-
porated provisione for reducing the internally
stored mechanical erergy, eliminating the
impact of muving inte nai parts, and reducing

the rate of release of stored preload energy.




. moves up to free captive rollers which allow a

external momentun. exchange.

Each device was mounted on the test structure
with the same plates and preload as that used in
the first series of tests. “The instrumentation
was unchanged. Pyro shock data were obtained
on the devices described as follows:

-

The Type F release device was modified
from a v-band release mechanism to provide
solid mounting of the housing. The stud is
released when a pyrotechnically-actuated piston

collet to spreac. The end of the stud is released BEFORE ¢ ° AFTER
as a ‘gradual release of stored energy (Fig- ACTUATION ACTUATION
ure 8). :

Fig. 9 - Acme-type nut

The Type G release device consists of a
segmented nut with a shallow acme-type thread.

It is retained by a collar which is displaced by and releases the stud. The piston moves at
the firing of an explosive squib. The collar right angles to the load axis and provides
incorporates pins which act in tapered grooves management of the primary shock direction
to separate the nut segments and provide a (Figure 11).
gradual release of stored energy (Figure 9).
This design also reduces the radial loads and The Type J release device consists of a
thus the actuation energy required for release segmented nut and locking piston similar to
should be lessened. . the Type A device. The piston, however, is
: displaced inr tne opposite direction and impacts’

The Type H release device contains a ~ the free end of the housing, thus loading it in
spool-shaped threaded segmented nut which is tensile rather than compressive shock. This
held in place by two grooved pistons in a com- . is another example of the management of
mon housing. Pressure from an explosive. primary shock direction.
squib is ducted to the opposite ends of the two
pistons, forcing them together. The spool ends The Type K release device is similar to
of the nut segments fall into the grooves in the the Type J except that there are two pistons
pistons and release the bolt. All internal impact which move in opposite directions until the
is between opposed pistons not directly coupled pressure between them is equalized by internal
to structure (Figure 10). This eliminates the venting. The pistons do not contact each other.

This eliminates the impact of moving internal
parts. (Figure 12)

The Type I release device consists of a° . R . e :
clevis with a pin passing through a hole in the TEST RESULTS ‘
loaded stud. The pin has an integral piston o
which travels in an enclosed housing. Upon the The shock spectra for the baseline tests
firing of a squib, the piston withdraws the pin are shown for selected accelerometer locations

on Figures 13 through 20. Device Type A was
of most interest on the spacecraft prcgram and

conditions.

Location 1 is on the device mounting plate
’ and in the axis of preload and separation.

Location 2B is on the nearest electronics

sub-chassis and in the separaticn axis.

BEFORE
ACTUATION AcTuaTicN Location 9A s on a more remote sub-
chassis and is oriented at right angles to
Fig. 8 - Collet release the separation axis.
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was used as the baseline standard against which '
to compare candidate low-shock devices, -
L The transducer locations chosen for com-
f parison provide a selection of structural
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Fig. 12 - Floating piston release device
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Location 11 is in the middle of a shear
plate over the central chassis rail of the
central bay of the simulated spacecraft. It
is oriented at right angles to both the
separation axis and to transducer num-
ber 9A.

The shock spectra for the low-shock design
device tests are shown on Figures 21 through
32. The shock spectra are shown for the same
transducer locations as presented for the base-

_ line devices. Device Type A is shown for

comparison purposes on ali spectral plots.

The residual shock spectra (shown as
squares on Figure 7) were in general, lower in
"g" level than the primary spectra and are not
shown on these combined spectral plots,

The indications of relay‘chatter (from -

components mounted on the electronics sub-
chassis) correlated with the peak "g'* readings
taken at the same points on the structure. Of
thirty-eight relay contacts which were moni-
tored during pyrotechnic device firings, four-
teen sets of contacts transferred or chattered
during a Type A device test. Five sets of
contacts transferred or chattered during the
firing of the ""low-shock" collet relzase device
Type F. Only one set of contacts chattered
during the pinpuller Type I test.

The comparisons between conventional
pyrotechnic devices and low-shock devices

were made on the basis of shock spectra
induced in the test structure at the same
accelerometer positions.

A broad study o('aerospace pyrotechnic

‘ shock test results has concluded that failure
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data has not been sufficient to relate the shock
environment to damage potential [5].

Present functional design requirements for
spacecraft pyrotechnic shock environments
are, however, specified in terms of shock
spectra [6] With a frequency description of a
shock that is likely to occur in service, an
equipment designer knows what his natural
frequencies should be, in order to avoid
damage. The shock specirum at a point on a
structure describes what a particular shock
pulse does to an idealized mechanical

system [7]

The reduced scope of the test program
did not allow rigorous experimental proof
that pyrotechnic shock spectra envelopes have
more than a general positive correlation with
component malfunction or damage. However,
there appears to be enough precedent in print .
to use a reduced shock spectrum level as an
indication of a reduced potential of shock dam-
age to equipment at a particular point.

Shock spectral envelopes of devices were
generated for mounting plate {transducer 1)
(Figure 33) and chassis (transducer 2B) (Fig-
ure 34) locations. The shock spectra of the
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Fig. 33 - Mounting plate spectra

conventfonal devices were, in general, from

two to five times as severe as the spectra from
the modified or redesigned devices. An excep-
tion was found in the modified V-band release
device (Type F) which, although it produced less
shock than the standard (Type A) device, fell |
into the conventional device envelope.

CONCLUSION

The preliminary results have been
encouraging. Further analysis of the test data
and comparisons with prospective tests of
actual spacecraft equipment should be per-
formed. Theories of shock generation should
be refined. Improved explosive release devices
should be designed and fabricated to test these
theories.

The shuck oufput from conventicnal pyro-
technic devices can be characterized by pyro -

c

shock spectra, :

Correlation of shock spectra with damage
to or degradation of spacecraft components is a
major task which should be pursued on a more
general level.

The shock production mechanisms were
estimated to be:

- impact of moving parts

- fracturing of device parts

ACCELERATION, g

- sudden release of preload energy.

Other factors were the amount of stored energy

.in the device and in the structure (deflections

for a given preload), the direction of energy
release (Into the structural load paths), and
momentum transfer from the device to the
structure,

The examination of pyrotechnic shock
causes led to the establishment of preliminary
principles of low shock device design:

- gradual release of stored energy

- cancellation of external momentum

exchange
- management of primary shock direction
- elimination of impact of moving parts

Devices which incorporated one or more of
these principles generated less shock as
indicated by shock spectral plots.

Pyrotechnic shock is designed into pyro-
technically actuated devices and can be reduced
by design changes. A systematic approach to
these changes would be applicable to many
types of devices. Based on the information
generated by these experiments, the phenome-
non or pyrotechnic shock is amenable to

1on : r-‘

— T"'T’" T

SHOCK AT CHASSTS
T3 convINTICNAL DEVKCES
) Low socx pevices
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Fig. 34 - Chassis spectra
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mitigation by mechanical design changes in the
devices.
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Figure 1. Free-Flight Impact Test

Technique

s
rerelease Environment

Frior to release from the centrlfuce,
the test iten experiences the follow-
iniy acceleration environmentc:

(Reference Fijsure 2)

c

1. Tangentlal Accelzration
Thetest ltem mu.t be accelerated
to 1ts speclifled ilipact veloelty,
In the case of the I8.5-7~*
centrifuce, a ssnali re n
driving torque and mot

inertia results 1n a me

an;sular acceleratlon less ...an
0.23, For exarmple, 270 seconds

{5 the minimum time requlred to
accelerate fro § To 145 rpm ™ ¢ °
(L33 fr/sec 3 35.5 feet),

2. Railal Acceleration
G = g5 = 3.4 x 10702 ()

The maxinun radlal accelerattion’
corresponfiing €0 35.5.F30t- © e °
reitus andt 145 rpm 1o 25409,

°

"o

Fustrelease Environrent

Darlne free flipsont, the test {ten

Wiil rotuate gbooul 2% At w rpnM.

e ameular veloe {5 equal to
1% ol oLne enter wnoat the

T o b
lrme uf release

o cr

e prelesse and poatrelease envir-
snrents prior to lrpact may te
detpliental to the test ltem and/or

Lao test ot foctlyes,

PRI

g L Te 9 - e " - She Y
Fixure 2 deplcts sequential positions

of the test item up to the time of
impaet. R

o < o ¢

Fifture Requirements ©

3

& ;°;t° s

The fixture required to adapt the

test 1tem to the centrifuge is simple

and inexpensive. The baslc require-

ments include the following:

1. The test ltem nmust be restralned
at a static load of WG, where W
is the welght of the test item
and G is the radlal acceleration
on the test ltem prior to release.

2. The fixture cannot interfere with
the test item after release from
the rotating arm.

3, The fixture should allow adjust-
able radius of the test 1tem.

4, The filxture must allow adlustable
release angle for the test 1ten
in order to corpensate for test
item rotation durine f{ree fliesht,
Thls angle offset 1s a function

. of impact anysle, centrifure speed,

- and free-flisht dlstance to im-
pact.

A tysical fixture 15 shown in Flrure
3. sacically, a cupport croudle and
stecel cable are mounted on a fixture
platz which boles to the centrifure
arrn. The radlus and the release
angle are adjustable by rmanipulation
of thi: plate.

Feldase: Meditantum . . . =

Tirely relonse af the test ftem I3
aczamplichel by cuttine the support
cable (Fipure 3). Requlred accuracy
has been obtalned with a Holex
yulllotine 1/2-inch-dlameter cable
cutter where flrine time 1s control-
table to less than 1 mlllilecond.

© .0

0

.c o <€ € <

(See next pace for Fliapesr 2 and 1)
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Filpure 2. Free-Flisht Environment of Tect Iten

|
|

i

1

i

el L .- ORBUTALPATM

Flyure 3. Typleal Flxth

I
i

A schematlic of the lolex firing

circult 15 shown in Pleure 4. A

~microswitch 1z mounted to the cent-

“rifuyge base (nonrotatine)., The -

posltion 28 the nizroswiten 13 ald-

Justable to zllow fur seleative ‘

firing locatlion. A contact plate

(runner) 15 rounted to the rotating

arm anit, therfore, closes the micro-

cwlteh duringy revalution of the apm

(see Fipgure 5). A rinlrum of 9

sililseconds 1o regquiredl U9 incure

clocure of tue trlroger relay., inls

sime !5 obtalned throuwsh the lencth

of the runner whlch cluses the rleroe

swlitch, Once tue requlired centrifuse

res 1o reasned, the cutter 1o actl-

vated by a ramially conteolled safety

switeh. Alter the caflety swltceh 1o
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: HOLEX CUTTER
CABLE ! A
, TEst
FIXTURE PLATE ITeM
CABLE
CABLE TIGHTEMER CRADLE

e o Tepaert Testinge

set manuaily, the cutter 13 actl-
vated hy ¢ 2%-’.@5, fF=arpere source
the next tirme the rdcronowlteh ‘.
cloved, < fhe tire delay betde .n m'-,
cpusditen elsavre ant Holex “irin-
130 ¢ 1 mfiltees nlos The gas-

racy of thls relense rechantanm,
eoupled with bullt=in allustment of
microawiteh prottton, 12llowa nearly
preclss aele~tlon of frpaet lecatlon
and test ftes ancle f lopast, 17y
this release toshintpie !
Le pellatle throush 126 frpass testa
eonducted to date (no relense falle
urea),
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Figure 4,

Arrresree &)
TN\ ROTATION CONTACT PLATE g

MICROSWITCH SOSTTION
ADJUSTABLE
LSS A e
Flgure 5., 7§ﬁitch Closure Technique
e - c o e o <o - C

P
= °

Taryget
The mator restriztions on tareet lo-

ation are s followa:

1. Tue orblital puth of tie rotating
arm, with test. ltem, cannnt
intercect the taryet,

2. The targcet cannut Le allowed to

{nterfere with the rotating arnm
as a result of Lhe lirpact.,

2’y
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AJ-
:mm MANUAL SAFETY SWITCH
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POWER SUPPLY

Satety circuit locked oft
untit alt arming is
completen,

Schematic of Holex Cable Cutter Firins Clrcult
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Figure 6.
Centrifure Facility

The welihn, otee, and complexlty
(steel, conerete, witer, ete) of the
stationary tarcet aps ocsent{ally
unrestricted. At present, the phys-
leal slze of the centrifure plt nrwen
(3pe Flrure 6) rmust be concidered,
However, a side room, as chown in
Flirure £ cr oan orenfne tn vhe plt wall
would be entively fegsthle fop

future tentineg,
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Ccentrol of Impact Angle

The test item/target lrpact anvle can

-te contrelled throuch one a2r nmore of
the following: : ‘ ;
1.
2.
3.

Test item release angle
Free=f1li.sht distance
Target angle

Tne angular velocity, w (RFX) tan-
-gential velocity V (ft/cec) and re-
lease polnt are accurately krnown.
Therefore, irmpact angle 1s a veuy
simplie calculation. For a free-

flight distance L (ft), the test itenm

rotates w

L revolutions.
B v

Data Acgqgaisliticon

Irpact data from transducers nounted
on the %est ltem are trananitted by
tralling cables between the test
and centrifuce arm.,” Jlpnnl coniizi-
oners and ampliflers are 1. 21 at
tie center of tue arem, Interredlate
to the slip ringss, thre

are trancmitted to Fi tare recorders
located In the control room. The
s1ip rinss avallavle for da%a or
mlocellaneons are ut-
1ined velow.

ane
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Wi,
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reqiulrements

Slip Hime Matlness on

«4ant Itz

12
24
199
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vl

Fortunately, lonik len,
cat. le are repilre ] Letadse thin
relative Alotuan:e totweon the A
Item and centrifuere aps wllo orrally
be small. Tuls d4lstunce can te app-
roximated by

non

t Lot

d

e

(ose

0 - eot @), (3)

-ij
< ¢ <

e €

o . < € c: o
= prelntive dlstahds Lotyean
slupuact point and sant el Dy
arm tip

‘e . wnere 4

= free-flliht

LRI

tetante of
Lhem

0 = an, e tetyenn pelease and
fopact polnts.,
*
n=toar) recurlers op tolerotpy
technipaes were nof oaatlabie o

conal

leratl . n.

i

of tralling

Filgure 7 depicts the distance, 4, a3
well as target/test 1tex =Iss dlctance
before release. ‘A3 an exatple, a §'
long tralling catle has been aleguate
for past telts wherd frea-flisnt
tance was aprroxirately 14 fee%.
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Disadvantages

1.° Test: item undergoes®high radial
acceleration.

&

e

2., Test 1tem undergoes rotation w
during free-flight and impact.

o 3. Rebound of test item must be

* treated with caution. * .

=Free-Flight Impact Test Capabilitles

©
¢

< Impact Velocity
Welght (Test item plus fixture)
Force in Centrifuge Arm (welzht x g)
Target '
Impact Angle
Free-Flight Distance
Test Temperature

Application

A long-term program is currently
underway to determine the absorption
capabllity of various materials being
considered for accldent resistant
containers. Figure 8 detalls the
basic test configuratior used in the
initial material evaluation. The
free-flignht technique was used to
impac% the test item (=50#) into a
steel target welighing 14,000 pounds.
The 1impact veloclty and 1mpactoangle
were nornally 275 ft/sec and O° re-
spectively.

© o

10 to 539 ft/sec (+1%)
10,000 pounds maximum
450,000 g-pounds
Optional

Optional

Optional

-65 to 300° F

Instrumentation consisted of 2 each
Endeveco 22€4 accelerometers mounted
side by side nn the 1impacting mass.
As mentioned previously, these were
hardwired between the flylng mass
and the rotating ce-trifuge arm.
Typlcal impact data are shown 1n
Fipure 9. To date, mdore than 125
tests have been conducted at a very
high success rate.

’ ¢ see ¢ s < © N s P, e Y B
SPACIRS
- OUTER STEEL CASE I
. . - —
. ( /7’ ’:/ \7'§ ] o =} ’q ' ‘
¢ ¢ [ L e . c
S
[ MATERIAL UNDER ] C |
s G MASS
IMPACT 11 9 ACCELEROMETER
SURFACE . ACCESS
2 ed ACCELEROMETER ’
NOTE: Not to scate
Figure 8, ARC Test Item Layout (axlal impact)
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" MSEC

—TIME™

N—T -

A

\ . —
[\ axs S

ACCEL #2

o > ——_ Macaass .~ pe—
) : 0 R -
Flpgure 9, Axlal “-pact Dlata = ARC Test Serles

Alternate Centrifure Irmpact Tochnlques

Concluslinng

I. Tarew tarcet into stationary test
itemn.

2. Move test iterm into ortital path
of target.

3. Move taryet into orbltal path of
test itenm

L Accelérate test lter radially out-
%ard along centrlfuce arm to impact
. tarze? mounted on the oni of tipe
arn. Tt

An Irpact test teshinlque wherobty tho
tanmencial veloclty of the 35-fHot
cent»{fiye 5 ucel %o ereate She
requlred Impaet envirsnrent has been
desertbed. The options tnelude Ima-
pacting a test item into staticnary
turgets and the reverze, roving a

< tarset iInto a statlonary test ftem.

CQ < [ <

The accuracy, flexltillty, low:zoat,

avicefllelensy offered’by thilc Soch-

® nlque make ' Liphly corpetlitive for
future impact teat serles.
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R - DISCUSSION ‘ ‘
Mr, Storey (Army Missile Command): Have you Mr, Otts: RPM, This takes care of the factor.
. ever ¢onsidered building an impact carriage _You saw a distance per time and it works out
4 ¢’ ‘and putting pads on ‘thé anvil.to shape the-  that 1 use this.l when I use RPM as RPM and

shock|pulse or nét to allow the specimeu to
break|up during testing?

Mr. Otts: We have the technique and if the
type of requirement were to come along it would
certainly be worth considering. To this point,
. o we are just developing it as the need arises
’ and we have not tried to expand it; we have a
number of impact test techniques and I am not
. trying to out do one another. Also you might
realize that you have other options that are
available; you can move, push, or drop the item
into ‘the path of the target which would be on
the centrifuge, or vise versa, you could flip
thegé around. '

Dr, Mains (Waghington University): You had a
velocity noted at 1/10 R W. Do you mean this?

Mr, Otts: 1t is approximately .1 something
and it works out that way,

Dr. Mains: Then you have same’kind of units
in ther:e7 You have a radius in feet and omega
in radians per second?

< e

Mr. McWhirter:

feet for, the radiuys, it works out quite well, - e

Mr, McWhirter: wWhat are you going to use for
a vertical water base for water impact?

Mr. Otts: We are going to use a very cheap
100 plus dollar culvert, put a diaphragm over
‘the front, fill it full of water, and it will
be sitting in’vertical position,

You are saying that the
diaphragm be the water interface.

Mr, Ottas: Yes.
% o %= ‘ < . T e
<
2 °
° © € 0" [N ¢ o
e < > el
< < 3 °
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FRAGMENT VELOCITIES FROM EXPLODING
LIQUID PROPELLANT TANKS

. R. L. Bessey
Southwest Research Institute
San Antonio, Texas

An extension of analytical techniques used to describe bursting
gas reservoirs is applied to a geometrically simplified model

of the exploding liquid propellant tank problem. The model is
capable of predicting fragment velocities produced by the inter-
nal pressure of the explosion when a mixture of fue! and oxidizer
is detonated in the confined-by-missile configuration and no
drag effects are considered on the resulting fragments of the
tankage. Fragment velocities near liqui- propellant tank explo-
sions have been ohtaired by analysis of high-speed films from
Project PYRO. These results are comparerd to thase predicted

by the mocdel,

INTRODUCTION

Hazards produced by exploding liquid pro-
pellant tanks include those associated with the
blast wave, those assnciated with thermal ef-
fects, and those associcted with the missile
produced by fragmentation of the tank, In a re-
cent study for the Aerospace Safety and Data
Research Institute (ASRDI), Nasa Lewis Re-

..  search Center [1], the author has had the

" opporturiity to investigate some of the phenom:
ena associated with the fragmentation hazard,
In order to assess the range and degree of
hazard of fragments emanating from a propel-
lant tank explosion, ballistic equations and
energy equations depend on a knowledge of the
initial velocity of the fragments, Obviously,

cdetermination of these fragfnent velocities is a
complex problem hoth empirically and analyti-
cally. - Thif is especially so *vhen an analytic
model is developed capable of predi~ting frag-
ment velocities for quite general conditions,
i.e., a variety of tank geometrien, propellants,
etc.

ot

An analytical model is developed in this
paper which attempts to predict initial frag-
ment velocities from exploding liquid propel.
lant tanks hased on a gross simplification of
the geometric factors and assumptions ahout
the tliermodynamic state of a hypothetical
sphere of "gaseous explosion products’” which
represents the conditions within the tank at the

oo~
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instant the explosion occurs. Mathematically,
the initial fragment velocities are obtained hy
an extension of the techniques described by

D, E, Taylor and C, F. Price [2], and G, L.
Grodzonski and F, A, Kukanav [3] in their
papers on bursting gas reservoirs,

Additionally, empirical data on fragment
velocities were obtained from high-speed
films taken of the events of Project PYRO,
Project PYRQO was a series of tests consisting
of detc:.ctions of liquid propellant tanks with a
considerabhle amount of documentation on each
test, From these filmse, data on fragment
* elocity versus yield were obtained, The ana-
lytical model attempts to predict these same
values for the test conditions described,

3

ANALYTICAL MODEL .

-,

The geometry of the model chosen to sim-
ulate the miasile within which a propellant ex-
plosion is occurring is shown in Figure 1, Th=
salient features of this model arc that the ex-
plosion is initially contained hy the missile
tankage (CBM case); the reacting fuel ind oxi-
dizers are perfectly mixed in the stoichio-
metiic ratio and react completely to form
gagzeous explosion products (contained in a
spherical volume initlally of radius R,): and
the missile tankage and non-reacting propel-
lants are approximated by an incompressihte
concentric spherical oiter shiell about the




. = % ° o T c -
° . c - oot L 3
N s © e P r i A

IR TP ' R X .

. N . e o

B 2 .

4" r; (1) :
dr
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FRAGMENT ( CIRCULAR
SECTION OF SPHERE)

GASEQUS EXPLOSION
PROOUCTS

Fig. 1. Schematic of Idealized CBM
Liquid Prajellant Explorion

sphere of gaseous explosion products, The
shell is assumed to fragment into n iragments
of equal surface area, A;, all of which are
circular sections of the shell, The fragments
move radially and are at a distance rj{7) at any
time 1t from the center oi the original sphere,
The solid angle formed by a fragment at v = 0
at the sphere's center is ., Each fragment is
characterized by a mass M; and a circular
periphery (. The total shell masa is M,

The sphere of gaseous explosion products
is characterized by a pressure, P4(7), sound
speed,; . a,("), temperature, Ty(7), volume,
Volt), ‘'mass, M(r), and density,” p,{7) a€ any
time 1, as well as a ratio of apecific heats, »,
The initial conditions are

ro) = Ro, B2 - 0, P (o) - g,

€ <.°‘°c) T 850 99(03 = Qoo © To(o) 3 Tgol

<
3

Volo) = Vg Sy e

Mlo) = Mo o

Yy

It is assumed that the entire shell couid be
divided into the n fragments: thus,

Ay =47 R%/n (2a)
and
no= My/My (2b)

The equation of motion for a fragment is
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)

where F, is thegi-agment'a projected area,
which from Eq, (2) is : Co

F=-4nR? [—l- - —1-] 4)

n nz

The equation of state for the gaseous ex- »
plosion products is taken as

Polt) Vo(r) = RM(1) To(1) (5)

A crack of width, w, appears around the
periphery of each fragmunt at time, T, )
through which the gaseous explosion products
escape until P,(1) approaches ambient pres-
From one-dimensional flow equations [2}:

sure,
- *
. d 2 w1
¥ - r(r
P z P - < (6
woman (-2 (5]
dM (1) :
Codr = 'k 9,:: a# OW (7)
N '
2 nil” ’ Lo
p, = polT) (:Tl.) (8)
2 1/2
a, = agln) (;_0—!) (9)

where k is a discharge coefficient and the
other variables have been defined,

3
e = c

The volume ‘of the sphere of gaseous pro- -°

ducts of explosion at any time 1, is

Volt) = (473 3 (1) (10)
. and the adiabatic case is assumed where
o L) 2n
° o C e R Py 4 Se o -1 <
Po(*) (eom) <-r°m) * (aom)"'m)
Poo "\Pso / \Too R T

The equations will be non-dimensionalized by
setting

Polt)=Poo P.(7), 7:=88, rin)=Xg(fH) (12}

where g is the dimensionless distance coordi-
nate, ? is the dimensionless time coordinate,
and P, is the dimensionless pressure. From
Eqs. (6} and (3) and non-dimensionalizing with

Eq. (12), we obtain

LR R S S e
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. .
X x-1) X
M3 s'=‘fpoopa["§:?(s')2;5] (13)
AN : ke S :

where primes denote derivatives with respect

to *. Using Eqgs. (3), (11), and (12) in (13),
we obtain
KR . 2 1
g’=np, |1- —(3%-1— (14)
(P,)—u'

where we have chosen_the non-dimensionaliz-
ing parameters X, 8¢,

a2
X = Moo (2 (15)
FPoy \2-1
M, 2, 2 ) 1/2
8 = — (16)
FPyo (n-l

" From Eq. (5) and its derivatives with respect

to *, we obtain
dPo(1)  Po(t) g
dr - edT) V(M dr
Polt) dTult) Pyl1) dVyi-)
TolT) dr Vol™) dr (1an
The area of a crack around a fragment is
By = (4 nm - Ay) sy

and the total crack area for n fragments is

2 \

Ow = 4~R,2 (’——‘—’z—‘ Y (19
Ro

From Egs.’(7) through (12) and (19), we may

write Eq. (17) as

©

) ’ 2 w4l
P 3"'9'00(':1') 76>-T)

g P * X
=1,
2r R
P. (-,—(95— - gz) -3nglyg’ (20)
If we define
wal 1
2y 2P0, l2
¢y =3k (G5) (2_1) (21)

. and
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n‘,z(z )-z FPoo’

‘L&Z, 3”4

or using Er (1)

R [1,_1]2.

Catm) = Vol Mlaget [nn

Then, .8, {15), (1K), {21), and (22),
Eq. (20) becomes )

n-1

3 P 2 2 2.
s ;::[-Clg ¢C1Cz] P -3Ing®g’ (23)
This equation can be solved simultaneous-
ly with En, (14) for the initial conditions of
Eq. (1), which for Eq. (12) are given in dimen-
sionless form aa

R, .
1(0)=7. R (0)=0, P.(o)=1 (24)

NUMERICAL SOLUTIONS

The solution of Eqs. (14) and (23) was ob-
tained numerically for the initial conditions,
Eq.(24), uaing the Runge-Kutta method.

Table 2 is an example solution for the condi-
tions of Table 1, The maximum velocity of a

TABLE 1,
Condition for Solution of Table 2
»: ¢ = b4 e 2t e
ago = 1.352x10% 1 'sec
Poo - Bx10%pei
n = 100
Ry = 27in. )
My« = 0488 hedec/in,  c
k(:::“l.‘ﬁ'-‘ c e Ec

fragment is obtained as g° approaches zero,
i, e., no drag effects are considered, Figure
2 shows how the maximum fragment velacity
varies with n for two example cases of par.
ticular Rg. %, Pyo. and agy, and M. Py,
and » are the same, for hoth cases, and
2,55 Ry and My differ widely hetween the
two cases, The figure indicates that, for
sufficiently large n. the maximum fragment
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velocity is constant, independent of n, For ce o <o
low n, Eq. (2) is a poor approximation, Fig-
ure 3 shows the dependence of maximum frag-
ment velocity on » and the initial gaseous ex-
plosion products mass tn shell mass ratio,
My/My, for a particular R, n, Pyq and a,,. A SIS IS S
. e . , .. . R 10
© Results obtained from this mode) may he ¢ a DISPLACEMENT, inches e o < °© by

‘<. compared tb those ohtained from other analvt-
ical and experimental work on fragmenting
spherical results as a result of high internal
pressure.

The results of this method are compared
to the cases described by Taylor and Price
[2} in which:

P,V
g = =222 5 55 0,1436
M; a5,

(25)

in Figure 4, Genzrally it can he seen that our
results predict somewhat lower fragment
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‘Fig. 4. Comparison of Taoylor-Pr‘ice to SwRI
Solutions for Adiabatic Case

velocities than they do. Some discrepancv is
to be expected hecause our assumptions on
geometry were not as precise as theirs, This
is ezpecially true where we assumed that the
surface area of a spherical volume could be
divided into n equal circular areas: they
assumed only two hemispherical fragmenta
whose projected areas were well defined,
Nonetheless, the agreement is relatively good,
especially for the greater g,




Table 3 gives a comparison between frag-
ment velocities measured in experimental
work relating to hazards from bursting high-
.pressure tanks and predicted velocities using
our model, The experimental values of Pitt-
man [4] were obtained by pressurizing spher-
ical metal tanks with N3 until they burst.
Fragment velocities were measured by use of
a breakwire, Where the experimental values
were not precisely determined in tests D and
E. limits were assigned to the fragment ve-
locity on the basis of the data obtained, Input
data to our program were based on the tank
geometry and burst pressure, described in
Reference [4] and the properties of Nj.

TABLE 3. Comparison of Predicted Fragment
Velocities with Pittman's Data (4]

P, [N My Masewred ¥y Prodiciod vy
(2o __teo) _tm)  ivoeectals | _hiee imiee
e s ap syt 120103 taer nte?
® ted e caais? R 1419107
8 s e snre’ 117919 1ae o 10?

CORRELATION OF PREDICTED FRAGMENT
VELOCITIES WITH PROJECT PYRO DATA

Iligh- speed films were taken of explnsions
of liquid rocket propellant tanks in project
PYRO [5-7]. Films from 94 of these tests
were analyzed (to provide data on initial frag-
ment velocities) [1]. Fragment positions were
recorded frame by frame, and the same frag-
ment was identified between films of a given
event taken by cameras located radially ahout
the explosion center at different azimuth
angles, Although it was impossible to deter-
mine a true initial fragment velocity because
of the obstruction of fragment motion by the
fireball, average fragment velocity values
were obtained close to the explonion center for

’m'any' of these tests, ° - P R c

Since our fragment velocity prediction = «
method {s haged on a spherically symmetric
containment vessel, it {s reasonahle to take
the cylindrical teat geometry of the PYRO
tests which most closely approximated spher-
fcal symmetry for purposes of comparison
with data from the analytical model, f.e,,
only tests witt L/D - 1.8 ({the smalleat L/D
ratio) are considered, Furthermore, only
confined-hy-the-miaaile /{CBM) casen are con-
sidered, (Confinement-hy-the-ground-aurface
{CBGS) cases do nnt represent internal explo-
sions, ) To simplify the assumptions made
ahout the gaseons explosinn prodacta, only
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tests where LH/LO; was the propellant are
considered,

The data for these PYRO tests appear in
Table 4, and the mean fragment velocities are
plotted versus measured yield in Figures 5
and 6 for tests involving a total propellant
weight, W, of 200 and 1000 1b, respectively.
The weight of reactants, W,, involved in the
explosion is given by

Brnt

Wrz Y-Wt H,

(26)

where Hryt and Hy are the heats of explo-
sion per unit mass of TNT and LO,/LH;, and
Y are a percentage yield for a given test obh-
tained from blast line peak overpressure mea-
surements. Using the ratio for the heats of

‘explosion, Y., is

Ym = 0.27 Y @7

Our method of fragment velocity predic-
tion ias relatively insensitive to the value of
n and » as we have seen; accordingly, we
picked reasonable values (n - 100, » - 1,2)
for these parameters to describe the number
of fragments and the gaseous explosion pro-
ducts of the PYRO tests, The energy produced
in the explosion of the reacting propellant ob-
tained from these tests is

E: W, H (28)

Baned on the calculated density of a mixture of
LH;/LO; (mixed in the stoichiometric ratio),
we abtained a volume for the aphere of gaseous
explosion products related to W, for each
test from

w V0 + V 0
r H'H OX “0OX
Ve = A where o = Vi + Vox (29)
and . c ‘. i ’
3 é : [ ‘ 3 (~ -
< 8 Vyri - Vox Pox (30)°

o and V are density and volume, and the sub.
scripta [ and OX refer to LH, ard LO,,
The energy can he expresaed in terms of the
initial preasure within the sphere of gaseous
exploaion producta as

v Y
r .l »
E -5 [Poo - (14.7) == (o) ] (31)

This was solverd for P, by the Newton-
Raphaon {teration technique, uning Fqs, (28)
through (310}, to give Poo ~ H" pai.
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. TABLE 4, PYRO Test Dat
R Reactants Mass of Radius of | Calc. Max,|Measured
< . - ) .} Total [Measuved | Reactants [ Energy | Non-Reac- | Reactants | Fragment Mean
e ° ©° (|Prop. Wt.[  Yield " Weight E , Jftants My= { Sphere [Velocity Velocity
Test Wi - ¥m . Wy (ft-1b x My+ My-Myr Ro ™" Ue - Ug -
No. (1bs) (%) {1bs) 10'5) (lb-seczlin) {in.) (ft/sec) (ft/sec)
053 200 1.08 2,08 3.35 .633 8.0 358 362
e Cjon 200 7.83 15.63 15,63 .564 15.5 97s 1500
118 200 S.41 10,82 17.4 ° .589 13.7 790 710
199 200 2.16 4,32 6.95 . 623 10.2 543 660
200 200 4.59 9.18 14,8 . 597 13.0 786 880
210 1000 1.89 18.9 30.4 2.49 16,12 540 650
212 1000 7.29 72.9 117.0 2.21 25,35 1020 790
213 1000 9.46 94,60 150.8 2.11 27.15 1110 990
265 1000 2,70 27.0 43.5 2.45 17.85 636 690
Figure 7 is a plot of fragment velocity,
g 20 - V¢, as a function of a,, and R,, as obtained
» O MEAK VELOCITY FROM ° from our analytical method, From this figure,
& PYRO DATA / it can be seen that Vg is relatively insensi-
= . x THEORETICAL VALUES R tive to a,, but very sensitive to R,. We
= 1000} ~BESTUINEAR FIT ° chose a,, - 147 in./sec as a reasonable value
g for the initial sound speed for the gaseous ex-
‘E o0 plosion products of the PYRO tests since in-
- formation such as this on the thermodynamic
Y g . state of the explosion at' 7 = 0 was not avail-
= able for these tests, Values for R, were ob-
- 1Ll tained by taking a lower limit based on Eqs.

10
L. MEASURID YIEWD, Y (%),

Fig., 5. Fragment Velocity: Correlation of

Data from PYRO LH3/1.0; Tests with

€ e e,

2

I

Theoretical Values, W; = 200 Lbs
c m B
. _! 177 © MEAN VELOCITY FROM PYRO DATA
& x THEORETICAL VALUES
‘— ~ BEST LINEAR FIT
> 1000 *
-
g
g«
-
]
3 wF
g L ! L |
1 H 4« 6 10 )

MEASURED YIELD, Y (%)

Fig. 6. Fragment Velocity: Correlation of

Data from PYRO LH3/LOj Tests with
Theoretical Values, W, = 1000 Lba
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(10), (29), and {30) and an upper limit based on
the radius of a sphere with the same volume as

" the particular confinement vessel tank for .

each test,

Fig, 7, Fragment Velocity as a Function of
Sound Speed in the Explosive Products




LN

Within these limits, an Ry was chosen to '

give a reasonable value for initial fragment
velocities for one PYRO test for each of the
tank sizes. R, was then varied as the cube
root of the measured blast yield for the other
tests. and a corresponding Vg was calcu-
lated. Values for R, are given in Table 4.,
Figures 5 and 6 show the comparison of the
measured and calculated fragment velocities
for the 200-1b and 1000-1b tests.

CONCLUSIONS
An analytical model based on a spherical
vessel containing a gas under high pressure
which bursts into n fragments was used to -
predict the initial fragment velocities from
liquid propellant rocket explosions (Project
PYRO) and from NOL bursting pressure
vessel data. Results from the model were
generally insensitive to the number of frag-
ments and many of the thermodynamic pro-
perties of the confined gas, but depended

strongly on the initial radius of the vesse] and

the initial pressure of the gas, Comparison
of fragment velocity data obtained from high-
speed films of PYRO events with the analyt-
ical predictions could only be made by taking
reasonahle values for the thermodynamic
parameters and assigning limits to the initial
radius of explosion, Agreement was gen-
erally good under these conditions, but the
model needs to be validated by tests which
provide more information ahout w'.at is oc-
curring inside the confinement vessel at the
time of explosion. Analytical predictions of
the NOL data were good. These experiments

provided more comgplete information on the
initial conditions, which are required by the
model, and used teat vessels which were
geometrically aimilar to those assumed by
the model,
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SHOCK ANALYSIS

_PIPING DESIGN FOR HYDRAULIC TRANSIENT PRESSURE . | S

3 R o
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Charles C. Huang and Richard J. Bradshaw, Jr.
< ¢ -U.S. Army Engineer Division, Huntsville .
¢ Huntsville, Alabama

and

Howard H. Yen
Sperry-Rand Corporation
Huntsville, Alabama

Designing fluid-filled piping systems in prntective structures requires
determining the severity of the transient pressuics pro?=nd in pipi-3
by strong motions resulting from a nuclear detonation. When the tran-
sient pressure exceeds the allowable pressures of the pipe, or equip-
ment in the piping system, attenuators will be require.. The same
problem is involved in designing piping systems in nuclear power plants
to withstand earthquakes. A new computer code, HYTRAN, has been devel-
oped to assist engineers in solving these types of problems,

This paper introduces the HYTRAN code with a description of its bourd-
ary conditions and numerical solution techniques. !Modeling techniques
are discussed and a typical example of HYTRAM application to analyzing
a large three-dimensional piping system is presented to demonstrate
the utility of the code. A comparison of test data and HYTRAN com-
puted results is also included tn demonstrate the reliability of the
code.

INTRODUCTION of weapons or earthquakes. The basic formula-

tion, numerical solution, column separation,

When protective structures are subjected
to the violent shaking motions produced by the
detonation of nuclear weapons, transient pres-

< sures” are generated in the fluid filled piping. |

systems contained in the structures. Designers
of these structures are faced with determining
these transient pressures and providing neces-
sary attenuation devices if the transient pres-
sures exceed the allowable pressures of the
piping system. In 1963, the U.S. Army Corps

of Engineers initiated a R&D program to develop
and verify a computer code, HYTRAN, which prg-
vides a means to calculate these pressures and
to-design attenuatdrs. Since that time, HYTRAN
has been used in designing all the critical
piping systems in the protective structures of
the SAFEGUARD Ballistic Missiie Defense System,
The comparison of laborator, te-t data and cal-
culated data, which are presented in this paper,
indicates that HYTRAN predicts the transients
pressures quite accurately.

The purpose of this paper is to present
HYTRAN to engineers responsible for designing
piping systems subjected to strong shaking
motions which are produced by either detonation

attenuators, modeling technigues, and compari-
son of test and computed data are presented.

= BASIC EQUATIONS: -« Toee t cmes ce e el

In this sectfon the basic partial differ-
ential equations for hydraulic transient phe-
nomena in a piping system are discussed. The
physical problem is depicted in Figure 1. To
formulate the governing equations which are
mathematically solvable the fol1ow1ng idealt-
zations are: 1ntroduced . P e c

L e 3 t o o o ¢

¢ One-dimensional flow -~ . e
* Small density change

* Nonviscous fluid except at the pipe
boundary

®* Friction force on pipe calculated by
Darcy equation

® Wave velocity calculated by considera-
tions of the elastic properties of the
fluid and pipe
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DATUM ELZVATION

Figure 1. Forces Acting on an Element of Liquid dx in Length

® Rigid pipe segment
* Velocity head neglected.
MOMENTUM EQUATION

The condition of dynamic equilibrium can
be set up for an element dx along the pipe. By
considering friction force to b» related to the
relative flow velocity between the fluid and
the moving pipe wall {V-u) the balance of momen-
tum yfelds Equation (1).

e e ‘(H-z%

) AT ‘ -
: [(H.-‘Z)t(%;-;;;) ax:”

SoA gy |
290 (v u)lV uldx ¢ Aodx sina (1)

where g% is the acceleration of the liquid ele-

ment, To preserve the direction of the pressure
head drop, the absolute value of the relative
velocity is used *n Equation (1). Since sing »

- 3, gquation (1) may be expressed as:
Y

9% . . 3—'.':-3-5 (v-u)|v-u|. (2)

WO |-

Expanding the total derivative into partial
derivatives, Equation (2) becomes

1, v M

g Gt %) * - :
f

-z Weu v (9)

Equatfon (3) is the momentum equation of one-
dimensional wave propagation,

CONTINUITY EQUATION
. A second ;&uatibnc r'(eIatﬁing Hand ¥V is

“ determined from the condition of continuity [4].°

142

2
pL] aH ce ay
F3 Vit 7 w 4)

Where C is the wave velocfty and {s expressed by

(s)




. MUMERICAL SOLUTION BY THE METHOD OF
© . CHARACTERISTICS . e LR

There are several numerical methods to
solve partial differential equations, however,
the method of characteristics is most applicable
for hyperbolic partial differential equatwohs

. o wWith two independent and two dependent vari- .
- “ables. * Lister [S] shows the general mathemat-

jcal development of the method and the compu- .
tational procedures for digital comruter
solution. The application of th: method to
hydraulic transient analysis was first adopted
by Streeter and Lai [1]. Yaug [6] used the

same approach as Streeter, out treated the more
complicated boundary condiions.

Four characteristic equations; Equations
(6), (7), (8) and (9) are obtained by combining
Equations (3) and (4).

Equations (6) through (9) are of a simple .
< - foru-and aré satisfied, by: every solution of *
Equations (3} and (4). .

The characteristic equations may be solved
by using the grid of characteristics or speci-
fied time intervals. A specified time interval
in the t-direction:relates the values of V and -

“H at the beginning 6f the fnterval to tHose. at
the end by the characteristic equation. This
method has several advantages over the grid of
characteristics, which is used in solving super-
sonic compressible flow problems. The process
of solving Equations (6) through (9) is illus-
trated in Figure 2, when ti‘and tj+] are the
beginning and the end of the time interval at.
Points A, C, and B are three adjacent points on
the line t = t4, each a distance Ax apart. Let
point P fall on the intersection of t = tjy
and x = x.. Two characteristic lines, C+ and
C-, pass ghrough P and intersect the line t = tj

dt - 9x_ a9 - (6) at Rand S. The values of Vand H at t = t4
V+( are assumed to be known, and their values at
c+ . point P are to be determined.
Curve ﬂ Applying the }1neaz 3pproxzm§tion for small
. . intervals to Equations (7) and {9), the follow-
v+ 25 v u)lv uI =0(7) ing equations are obtained.
gt 9L (8) Wp - V) + & (Hp - o)
c- ' s (v-u) lv'-ulano (10)
Curve 20 R . R
dV-g-dH+—(V-u)|V-u|dt-0(9) and
+t
N e il {
ti b ee ——— -
o ————
"

Figure 2. Positions of the Characteristic Lines in a Specified Tire Interval
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Equations (10) and (11) contain four terms
. © representing the value V and H at points R and
c.s S5 which may be evaluated by cunsidering the
slopes of the characteristic lines given by
Equations (6) and (8).

For the first approximation, the slopes
of the characteristics lines at points R and
S may be assumed to be the average slopes be-
tween the points A and € and C and B, respec-
tively. Then, Equation (6) and (8) mey be
approximated by )

C+ : de » VAt Ve 4o (12)
d. st et
2
and
c- ¢ 9 . VetVg o (13)
dt 2

Physically, Equations (12) and (13) repre-
sent the wave front velocities. Therefore,
the location of the points R and S may be
determined as

Xg ® % - (YA * % 4 at (14)
2
and .
— agrxe -8Bt Y <)t (15)
2

1f the velocities from A to C and C to B
are assumed to be linearly distributed, then
the velocities at points R and S can be approx-
imated as

.vatvc_,XC'XR(Vc_vA)c ) (]6),
ax
and
Xa = X
Vg = Ve ¢+ _ch"S' (Ve - Va). (17)
Similarly, the value of H at points(R and-
. . $ can be evaluated as : . : <
Mgote - %R (fc-My 8 -
ax
and
Hy = Mo+ %¢ % (e - M), (19)
X
144

Once the values of Vg, Vs, Hp, and Hg are
determined, Equations’(]O? and {11) can be
solved simultaneously to obtain Vp and Hp as
follows:

- l ¥ v 9. Ho -
‘.'P g(a* s)+ & (‘_n Hs)

%%5 (Yc - v IVC . u' : (20)°
and

Hp =€ (Yp-VYs)+ 1 (Hp+Hsy. 21
prl CR-Ys) el ek ()

The method can now be applied to a pipe.
Consider, for example, a pipe which is divided
into n sections, each of &x length, First, the
values of V and H at Ag, Ay...A, in Figure 3
are given for t = t;. Then, by using Fguatinns
{16) through (21), the values of V and H at By,
B2...Bh.q can be evalvated. In similar manner,
Cp, C3...Ch.2 can be evaluated. The computa-
t?on can proceed to a point determined by the
number of sections in the pipe. However, if
suffictent boundary conditions on X, and X, are
given as a function of time, V and ﬁ at those
points marked in Figure 3 by a black circle can
be computed. It is evident that, once suitable
boundary conditions are Jiven at both ends of
the pipe, the computation can be performed.

In order to proceed with the computation,

' the boundary conditiuns at the ands of the pipe
" must be established and the solution must sat-

tsfy such conditions. As shown in Figure 4,
there i¢ only one characteristic line involved
at each boundary. Therefore, Equations (10)
and (11) cannot be sulved simultaneously to
obtain Vp and Hp. At the boundary, the values
of Vp and Hp must be given as a function of time,
or Vp and Hy must be related by a known func-
tion. Ther, Equations {10) and {11) may be
solved separately for the remaining unknown
variables. In the case of a boundary where
more than ore pipe {is involved, the condition
of continuity and pressure drop at the bound-
ary myst also be satisfied. For convenience,
the positive direction is defined as from the
left-end boundary to the right-end boundary,
and the same convention {s also applied to the
pipe motion and flow direction in the pipe.

A three-pipe joint such as the T-joint
chown in Figure 5, will be used as an example
to {1lustrate the tredtment of the boundary
condition. The ‘joint consiSts of three bound-
aries, The absolute flow velocities at the
boundaries are defined as Vpy, Vpp, and Vpj3.

If there is external excitat]on ag the joint
with excitation velocities vy, u2, and uj, then
the relative flow velocities are given by
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BOUNDARY 1

BOUNDARY 2

Figure 5. Boundary Conditions at a T-Joint

PR TR
i ¥p2 - Uy (22)
- Voo - U
RIS R

To satisty the equilibrium condition, there
can be only one pressure H at the joint, and it
is related to the pressures at the boundaries of
the three pipes as

< 3

H = Hpy * ey
H = Hpy ¢ tHy (23)
H = Hp3 # tH3.

Where AH is the pressure drop across the
< douncary and foTlows the sign cunvention that
plus indicates a left boundary and minus a right °
boundary. . Substituting Equations (10) and (11)
into tquation (23) for the values of Hp, the
following six characteristic equations are ob-
tifned for a three-pipe joint:

Pipe 1
Right boundary - R:
H = Mg ’% py = V1) -

Cf R
z—g-u—]- IG] 'ai L - /;H‘. (243)
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Left boundary - L:
Moe Mgy S (Vpy - sy ¢

cf 1 _1_

m‘]‘ ul'“] At + 2y,
Pipe 2

Right boundary - R:

W Hgg - & (g - Vo) -
‘e ” . I
Eﬁé‘lizlizAt-bnz.
Left boundary - L:

Hoetigy+ & (ipy - ¥s2) +
cf ) ¢ .
Eﬁz-“ a'zla-zdt*.’mz. "

Pipe 3
Right boundary - R:
Hox Moy - & ¥y - Vay! -

Cf
= )= At - tHa,
Zq0, I u3 I u3 3

(24b)

'(ZSa)' '

(ZSbZ

(26a)




T g § (Vpa Sy e

Left boundary - L:

2903 , i ,u3 at + AH3 (26b)

; Deﬁending an the physical orfenfafi&ntdf
the pipes at the joint, there are eight possi-
ble.combinations of the boundaries for a three—
pipe joint. The combinations are:
1. R, R, R

R, R,
R, L,
L,
L, R,
L, R,
L, L,

8. L, L, L.

N O N e W N
h oo W
©
R
© - ®™» -~ ™ -

" The coordinate system and a sample combina-~
tion of. the boundaries are shown in Figure 6
and 7 respectively. For a given combination,
there are three equations which can be selected
from Equations (24a) through (26b). Four vari-
ables, H, Vp1, Vpy, and Vpj, are involved in
three equations, therefore, a fourth equation
‘is required. The fourth equation is derived
from the condition of continuity at the joint.
If the three pipes have flow area of Ay, A,,
and A3, then the continuity equations }or %he
eight boundary combinations can be expressed as
follows:

R, R, R: Ajiiy + Aplip + Aqu3 = 0 (27a)

R, R, Lt My + Mgz - Agig =0 (2m)
TRy L R AjEy - Agip  Agiz e 0 (2%c)
R, Ly Li Ay - Aglly - Aqiiy = © (274)
Lo R, R: -Ajiy + Agiy + Agiy = 0 (27e)
Ly Ro L AT} * Aoy < Agi3 = 0 (270)
e Ly L, R: ARy - AZUZ + A3U3 <0 ) {279)
R P S P Py Hry S 0 (27m)

Based on the given boundary combination,
one of the above equations is selected with the
other three equations selected from Equations
(24a) through (26b) to solve for the values of
H, Vp1» sz, and VP3'

+ i °
i e
¢¢°., L L + ;Rx 3
° L
|
+ !
i
rY |
z :
!
Figure 6. The Coordinate System Used

in the HYTRAN

i

Figure 7. Sample Combination of

Boundaries (R. L. R.)

’ :

cOnee-H {s determined, Hp), Hpy, and Hpy
are calculated from.Equation 123 The pres-
sure drop terms is Equation (23) are calculated
using the usual pressure drop coefficient, Ky,
Kz. and KJ'

tHy = - |- (28a)
! El“ll”l
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Z‘T,igluzluz
aHy = K3 ,5‘ 'U (28¢c)

Z91731°3

The boundary conditions for a two-pipe
joint or a one-pipe joint can be similarly
formulated.

<

COLUMN SEPARATION AND PRESSURE ATTENUATOR

Although there are methods [7] of calcu-
Tating the pressure generated at a boundary due
to the reattachment of the separated fluid
column, it is difficult to describe the de-
tailed behavior of a two-phase system represent-
ing the cavitation and column separation phe-
nomena. For engineering applications, it may
be sufficient to predict an average pressure
developed near a joint due to column separa-
tion. In predicting column separation effects
in a complicated piping circuit, a practical
engineering approach is used to simplify the
formulation. The following assumption is em-
ployed in this analysis to indicate the occur-
rence of column separation.

Column separation occurs when the liquid
pressure drops below its vapor pressure
or (H-12) <Hyp..

The HYTRAN computer program has an inher-
ent assumption that the hydraulic transient
equations and the continuity relationship at
a joint remain valid even when column separa-
tion occurs. When column separation at some
joint is predicted in the solution, a constant
pressure equal to the vapor pressure of the

(28b) |

° energy storage accumulators have been consid-

I b SCTAC X

Sy

/—cum;mc
VALVE

- AU BSTER BR TSN
capumme ALR OR NITRUGEN PRE-CHARGE

- avoid the occurrence of this phenomenon. - 7
“view of this, it is fecommended that pressure °~~ = * . (AU

11quid is imposed on the location unti} it is
changed to a higher value by a reflected pres-
sure wave. Employing this approach the loca-
tion of column separation effects are identf-
fied in the piping circuit and estimates of

their severity are made to provide a basis for
the sizing of pressure attenuation deviceslto
n

attenuation devices be used to suppress column
separztion at the locations where column sepa-
ration may occur.

A variety of attenuator types such as
quick opening valves, rupture diaphragms, and

ered for application in protective facilities.
Owing to the requirements for fast response and
multiple exposures, only the energy storage
type of unit is considered to be of interest
here. This type of accumulator as shown in
Figure 8 consists of efther a piston or a blad-
der type of diaphragm which separates the fluid
from a precharged gas container and operates on
the principle that the energy of the pressure
waves is stored by compression of gas in the
unit and then released later at a slower rate.
To establish the initial conditions of an accum-
ulator, the precharge gas is assumed to be in
thermal equilibrium with the ligquid. Consider
an accumulator thol has a gas vojume of V, at

a precharge pressure of Hy. Then, at the
steady-state operating pressure of Hs, the
accumulator gas volume is ¥¢ = Yo(Ho/Mg). Usu-
ally the precharge gas pressure ?s set at 80
percent of the steady-state operating pressure
or Vg = 0.8 Vo. During hydraulic transient
variations, l?quid volume i efther added to
or removed from the accumulator. The pressure
at the joint is determined by the reversible

1
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Figure 8.
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In-Line Accumulator With a Perforated Flow Tube (Von Manufacturing Co.)
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polytropi; process of trekprecharge gas, or

S A

<!

o :‘v~
“ HP=HS 5.

Y
Vg + AV

where ¥ is a constant of the gas which depends

< on the phys1cal property and process. £V is

“ he change of’ flow vo]ume{of the acwmulator,c

HYDRAULIC TRANSIENT COMPUTER PROGRAM (HYTRAN)

Based on the mathematical formulations

(29)

g

presented in the previous section, an integrated -

computer program HYTRAN was developed. It con-
sists of three subprograms for calculating
initial steady-state flow conditions, hydraulic
transient pressures, and for plotting the com-
puted data. The three subprograms are:

©* WYTRAN-I. Calculates initial equilib-

rium flow conditions for piping circuits

in which the circuit parameters are
estimated.

® HYTRAN-A. Calculates pressure tran-
sients in piping circuits due to sup-
port motions., Locations of column
sepdration are indicated, but the
shenomena are not treated rigorously.

® HYPLOT. Prints and plots variations of
flow velocities and pressure heads as a
function of time at the left or right
. end of selected pipes. The result will
facilitate the proper selection of
accumulators.

HYTRAN-A is tre basic fluid transient
program and has the following features and
capabilities:

a. Calculates transient pressures in
three-dimensional piping networks, with various
combination of boundaries as shown in Table 1,

b, Accepts velocity excitations at pipes;
each pipe having different excitations.

¢. Accepts pressure excitations at one-
pipe joints,

d. Accounts for the effects of a variety
of pipe fittings considering ‘tee joints as
three-pipe joints, valves and elbows as two-
pipe °joirts, and reservoirs and pumps as one~

pipe joints, ¢ o .

cac

¢ o

e.

Accounts for pipe friction and pressure

dfop at joints.

f.

Accepts both in-1ine and appendage-type

pressure attenuators.

g.

Calculates wave velocities based on

fluid and pipe elastic properties.
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Qf]urd prnssures as functions of t1me

h. Calculates the flow velocities and

i. Summarizes the maximum flow ve]ocrtles .
and maxvmum and minimum pressure heads in each
pipe and identifies the time at which they
occur.

c

B HYYRAN-I ‘calculates .the steady-statecflaw, . - Lo o S
The computation for the piping circuit is com- ‘
pleted when the flow velocities at both ends -
of each pipe in the circuit are equal to or
less than a prescribed tolerance.

The HYTRAN-A program also detects the
occurrences of column separation phenomena in
a piping circuit by monitoring the liquid pres-
sures and identifying when they drop below the
vapor pressure,

HYPLOT utilizes data from HYTRAN-A and
allows the user to specify pipe numbers and
location (left and/or right end of pipe) where
transient velocities and pressures are to be
plotted as function of time, HYPLOT offers two
options of plotting, CALCOMP pen plotter or
line printer, to display information
graphically.

Table 2 presents the capabdflities and lim-
itations of the HYTRAN Program.

These 1imits can be increased to larger
nunbers by changing the dimension statements
of the programs as long as they do not exceed
the core size of the computer system,

The present version of the HYTRAN program :
{HYTRAN-1, HYTRAN-A, and HYPLOT) requires .
32,0009 words.

A detail description and listing of the
HYTRAN programs are contained in Reference 8.

COMPARISON OF HYTRAN COMPUTER RESULTS WITH
EXPERIMENTAL DATA

To verify the HYTRAN program, a comparison - °

was made between the computed transient pressure

in a complex fluid system and the recorded test
data. Fiqgure 9 shows -the confiquration of the

fluid system, The fluid circuits which are an
integral part of the equirment, carry chilled

fluid through each component to keep the tem-
perature withip tolerance, The chilled fluid

is supplied by and returns to an outside source. P e o o
A1l the pipes were solidly mounted to the main « « °
frameg of the cabinet. ° s < 9 .

The electronic eyuipient was mourted on

‘a hydraulic shaker table capahle of subjecting

the equipment to a specified acceleration time

history. A piping circuit Incatcyd off the

shaker table supplied the chilled fluid tn the

fluid circuits of the equipment at design pres-

sure and flow. Pressure transducers and accel- ‘
erometers were positioned in the fluid circuit :
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Table 1. Summary of Boundary Conditions
“md:;’w“c;;“u“ Joint BSoundary Conditfion
Y "

Numeric | Symbolie 't;'"; ’t;;g ”2::33)‘ ‘

1 RRR R R 3

2 RRL 3 R L

k) R R L R

] RLL L L

L] LRR L  § R

[] LRL L R L

7 LR L L [ §

8 LLL L L L

9 ‘R R 1]

10 L R L

11 L L R

12 LL L L

13 RHB  § (444

14 L)} R civen

15* RHV# R GIVEN civen

16 LHB L GIVEN

17 Lve L clven

18+ LHY* L cIven clven
T19* R Y R

20+ L* L

21* RRB* | 4 R GIVEN GIVEN

22 ML3* | § L GIVEN GIVEN

23 LIB* L | § CIVEN Given

Nﬁr LLB* L ‘L CIVER Glvex

3 e N} 2 <) e

26 P G 3 L .

7] Ler L 1 )

28 LL? L L

“These boundary conditions are not used in HYTRAN-I.

Symbols:

WY ts a dend end attenuator,
2 {3 a in-lins attenuator,
P 1s a pump,

R fndtvates 1ight end of a plpe.
flf {ndficates cunstant pressues,
VB {ndicates cowntant veloudty.

L fndicates left end of a pipe.
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Table 2. Capabilities and Limitations of HYTRAN Program

Item

\ Improved
INNTRAN
(Sperry Rand)

= fo ce < co o ° LS °

No. of joints

No. of section in each pipe

. 800 (HYTRAN-I, UNIVAC)

750 (HYTRAN-I, CDC) - :
© 600 (HYTRAN-A, UNIVAC) L
500 (:YTRAN-A, CDC) )

Same as No. of pipes

A function of No. of pipes
in a particular problem

= 3000/NPIPE (UNIVAC)

= 2500/NPIPE (CDC)

NOTE: The remaining items are for HYTRAN-A only.

No. of data points

Velocity Excitatirn
Pressure Excitation

No. of time increments for
calculations-

No. of data points on esch plot

No. of Velocity Excitation functions

No. of Pressure Excitation functions

12
1

650 (UNIVAC)
800 (CnC)

650 (UNIVAC)
800 (cnC)

19,200 (UNIVAC)
16,000 (cDC)

1000

at several locations. Then with the electronic
equipment .operating, it was subjected to several
shock tests in each of the three orthogonal axcs
[3]. Test data for comparison with computed
data was recorded on a tape recorder and a

oscillogradh’ recorder. S litie e . e

A list of the material and inside diameter
of each piping segment is tabulated in Table 3.
Figure 10 s the mathematical model of the test
unit which was constructed using the circuitry
of the system and the coordinate system defined
in Figures 6 and 7. Examination of the accel-

cerometer‘réadings from the test results showed

that each of the three main piping levels exper-
ience about the same_.accélerations as the base
of the cabinet, Hence, the excitation input
at the base of the cabinet was used to excite
all the pipes in the model.

The flexible plastic tube runs are iueal-
ized by three straight segments. Since the
HYTRAN formulation assumes one dimensional flow,
the traveling wave water jackets of the electron
trhe are simulated with equivalent cross sec-
tional area pipes. Further, the program accepts
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only one modulus of efasticity so it was neces-
sary to modify the wall thickness of the plastic
pipe so that the calculation for the wave veloc-
ity would equal the predicted value.

The mode!l of the equipment shown in Figure
10 contained several pipes with a length of 1.4
feet. The maximum Ax (Figure 2) for a 1.4 foot
length of pipe is 0.7 feet. To satiufy ‘he
stability criteria of HYTRAN a «t (Fiaurz 2) of
0.,00015 seconds was selected.

Sample plots at four ‘ocatfons in the test

Systent are presented in Figures 11 through 15.
The upper part of Figuré 11 shows thé re-orded

o

dccelerometer rcading, This time history was
nunierically integrated to form the velocitys
excitation table which defined the motion of
the pipes. The HYTRAN computation was per-
formed using the mathematical model of Figure
WCoang urips e cegqired Raen o100 0 ftae
tion to excite the pipes. Computed results are
shown in Fiqures 11 through 15 superimposed on
the measured pressure time histories. A compar-
fson of the results indicates good correlation
between the test data and computed results,
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Figure 9. Actual Fluid Loop
Table 3. Tube Dimensions and Material List of AM Unit 202
TUBE NUMBERS MATERIAL TUBE INSIDE DIAMETER
1,49 Copper v L.25"
2,3,4,5,9,10,14,15,19,20,24,25,26, Copper 1.062"
27,28,29,33,34,38,39,43,44
6,8,11,13,16,18,21,23,30,32,35,37, Plastic 0.487"
40,42,45,47
7.12,17,22,31,36.41,.46 (Simulated Steel Simulated with 0.866" Pipe
Traveling Wave Waterjackets of Electron
Tube)

Note: Steady State Flow Rate 32 gpm
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Mathematical Model of the Fluid System
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Figure 14. Pressure Time History at the Upper End of Pipe No. 22 for Test 39
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Where the minor differences between test and REFERENCES ‘ X .
computed data exist, they could be due to the ’ ' oot e el < L. s
following reasons: 1. Streeter, V. L. and Laf, C., “Waterharmer
Analysis Including Fluid Friction", Trans-
* Accuracy of the test instrumentation. actions of American Society of Civil

. Engineers, Vol. 128, Part I, 1963.
.+ % .Negligence cf the viscous effects of -

the fluid in the basic HYTRAN formula- . 2. "“Experimertal Evaluation of Design Methods i )
tion. As discussed by DeArmond and for Hardened Piping Systems”, IIT Research ot : °
Routeau [9], viscous effects may be Institute, Report No. J6185, September 1970.
significant, especially if frequencies :
are high or pulse lengths short, lead- 3. "Work Statement Specification PAR Prototype
ing to attenuation and dispersion of Hardness Verification Test Program”, Bell
the propagating wave. Telephone Laboratories, June 1970.
® Negligence of the elastic effects of 4, Parmakian, J., “Waterhammer Analysis"
the pipes (except wave velocity calcu- Prentice Hall, Inc., New York, N. Y., 1955,

lation) in the basic HYTRAN formulation.
5. Lister, M. "The Numerical Solutions of

CONCLUSIONS Hyperbolic Partial Differential Equaticns
by the Method of Characteristics”, Mathe-
Based on this study, ft can be concluded matical Method for Digital Computers,
that HYTRAN provides good qualitative results Edited by Ralston and Wilf, John Wiley
and that it is a usable engineering tool for and Sons, Inc., New York, 1960.
hydraulic transient analyses of piping systems
subjected to external excitation (base motion). 6. "HYTRAN Computer Program User’s Manual",
: the Ralph M. Parsons Company, Document No.
LIST OF SYMBOLS SAF-41, November 1970.
A Cross sectional area of.a pipe 7. Li, W, H., and Walsh, J, P., "Pressure
B Bulk modulus of elasticity of the Generated by Cavitation in a Pipe", Pro-
liquid ceedings of the American Soctety of Civi)
[+ Wave velocity as defined by Engineers, Vol. 90, No. £M6, December 1964.
Equation §
G Constant 8. "Mydraulic Transients Program®, U.S. Amy
D Diameter of pipe Engineer Division, Huntsville, HNOTR-73-9-
3 Modulus of elasticity of the pipe ED-R, 30 April 1973.
wall material
e Pipewall thickness 9. DeArmond, R. P., and Rouleau, W. T., "Wave
f Friction factor Propagation in Viscous, Compressible Liquid
q Gravitatignal acceleration Confined in Elastic Tubes” ASME Paper No.
X Ofstance ilong pipe axis 72-FE-23.
[ Density of liquid
1 Subscript referring to pipe 1
2 Subscript referring to pipe 2
3 <“Subscript referring to pipe 3 ) e
DISCUSSION
Mr. Welch (Westinghouse Plectric Cornoration): Mr. Welch: 1 think that anyone who s dealing
How can private companies get a copy of this with control problems, hydraulfe control
RYTRAN program? problems, or hydraulic power problems might
. find this program of some use to them.
Mr. Yen: Anybody who {s interested in this o
. program can write me in Sperry or call the’ o e e N &L e s ¢ S e E .
U.S. Army Corps of Engineers {n Huntsville, Lo e ¢ e o e :
AL. Presently this program {s waiting Yor < < - ° ST e e T . - P B
the CDC and Univac Mschines, ° N
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) © " POPPING ‘\:IO’I'OR DOME SHOCK DURING FIRST STAGE SFPAR-\TION o N . oc o .
¢ oN PO?ETDO‘I MNSILE FLIGHTS ¢

Lane R. Pendleton, Research Specialist
and Ralph 1., Henrikson, Sr. Research Engineer
= Lockheed Misstles & Space Company, Inc.

INTRODUCTION

Shocks as large as 34 g's peak-to-peak were
measured in the re-entry bodies during first stage
separation on Poseidon development flights. These
shocks occurred between 60 and 120 milliseconds
after second stage ignition, and excited the funda-
mental longitudinal modes of the missile, The
significant longitudinal frequencies were in a band
between 35 and 120 Hz with little response above
150 Hz. The problems resuiting from this shock
were large loads on the re-entry body support struc-
ture and severe shock environments for clectronic
and hydraulie packages attached to the aft dome of
the sccond stage motor. The analysis effort devoted
to this anomaly was considered successful in isolat-
fng the source and effecting a suit wble design change
to reduce its m'lgnltude

©

“FLIGHT DATA

During the C3X-6 (gixth Poselfdon development
flight) first separation cvent, the aceelerometers and
vibration transducers located in the three instru-
mented re-entry hodies indicated a shock response
(hereafter referred to as “mystery shock™) much
higher than observed on previcus flights, This
shock began approximately 80 milliseconds after,
secoftd ignitlort,  Slnce all missilé body tok'motrv
links are normally in "hlackout’ at this time, the
re-entry body data was the only data initially avatl-
able for evaluation. The data showed the mystery
shock magnitude was considerably higher than any
shock predicted for first separation/second ignition
in pre-flight analytical sturdies. Subsequent flights
have shown that this shock was not unique to C')‘(-ﬁ
and.in fact It has been obsersedwith widely varying -,
nmplltu:!c on all' Puseidon Tlights.

An cxtonqlvc effort was initiated to do!urmlne
the cause of this shock, The firat and most impor-
tant evidence was the measured flight data, The
longitudinal, lateral, and normal acceleration-time
histories measured near the re-ontry body ¢, g,
during a typical development flight (C3X-6) are
shown in Fig. 1, The Initlal response (zero sccowds
in this figure) I8 causcd by detonation of the circum-
ferentfal pyrotechnic cord around the Interstage
which severs the structural connection between the
first and second stagea. During the next 50 milli-
geconds the two stages are held together by the

B Sunnyvale, California o

thrust tailnff of the first stage. Then, increasing
pressure in the interstage, due to gas from the burn-
ing second stage, pushes the two stages apart. The
resulting rigid body acceleration of the missile can
be seen in Fig. 1. [t reaches a peak of 5 g's at
approximately 60 milliseconds after second stage
ignition. The mystery shock begins at 80 milli-
seconds. The peak-to-peak \mplitude on this flight
in the longitudinal Jdirection was 26 g's. The pre-
dominant longitudinal frequencies are 35 and 100 Hz,
These frequencies agree with calculated modal fre-
quencies at this flight time, The measured trans-
verse frequencies are 19 and 37 Hz which are re-
entry hody cantilever modes, '
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Fig. 1 = Re-entry oy aceeleration data
measured during the C3V.6 flight

A larger mystery shock occurred on CINX-8, The

re-entry body diuta Is shown in Fig. 2, The peak-to-

opeak amplitude wan 34 g's, < The sume conclusions 28
above can bhé deawn, hmklng at Figs. 1 and 2, the
tongitudinal acceleration rasponse 18 much larger
than transverse, leading to *he conclusion that the
force which causes the mystery shock acts primarily
{n the longitudinal dirccetion,

A drawing of the Poscidon missile showing locn-
tions of the segments discussed in this report is
given in Fig, 3, More detail of the interstage area
during the sceond fgnition /first scparation event s
shown in Fig. 4.

A stutistical comparison of the mystery shock
magnitude at the re-entry body e, g, for all

ogn




development flights where data was obtained 1Is
shown in Fig. 5. The maximum peak-to~peak long’-
tudinal acceleration measured at the re-entry body
c.g. was chosen as the statistical varjable to com-
pare the shock magnitude from flight to flight. Log-
normal probability paper was chosen since it pro-
duced the least curvature In the array of data points.
1t is evident from this figure that there is a large
variation in the amplitude from flight to flight. The
peak-to-peak amplitude varied from 2g's to 34 g's.
The projected structural load resuiting from this
anomaly based on 100 flights was unacceptable, The
following additional evidence was exhibited by the
flight data:

i. No correlation was found between the shock
magnitude and the re-entry body position or the
number of bodies carried on a particular flight.

2, No correlation was found between the amplitude
of this shock and the total velocity change of the
missile during first separation. Therefore,
the anomalous force-time history has little or
no net impulse,
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Fig. 3 - The Posetdon mlnni:le

A logical suspeet for the source of this shock is
the sccond stage motor since the shock occurs during
thrust bulldup, Consequently the data from twenty -
four ground test firings of the second stage motor
were carefully examined for evidence of a mystery
shock., However, no indication of 2 mystery shock
was found In the ground teat data,

On the firat aix Nights the only myniary shock
data obtained wias from re-entry body measurements,
This data was tranamitted independently from cach

ClABaTiom, C'8 -

I

instrumented re-entry body. The missile body
telemetry links had a temporary (approximately

0. 14 second) blackout at this time caused by ionized
gases from the second stage motor. This blackout
completely masked the mystery shock event. During
subgsequent flights some missile data was obtained by
transmitting through a redundant antenna located
within the re-entry system area of the missile.
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Fig. 4 - Gas flow during first separation
after eleven Iinches of travel
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Fig, 5 = Distribution of re-cntry body
longitudinal acceleration

There 1s a lcason to he learncd from this experi-
ance. Unpredicted events or maifunctions can be
hikien in n very brief telemetry blackout, Delay re-
corderys or other means must be used to fill the volds
eaused by T/M blackouts,
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ANALYTICAL INVESTIGATION . 1. Slippage of the Gas Generator
: -Tn order to help isolate the source of thiz > . A 3000 pound;-5 millisecond ferminal sawtooth. oo
anomaly, a mathematical inodel of the Poseidon mis- pulse was applied to the base frame element of the ¢ ¢
sile was used in an attempt to duplicate flight data, dynamic model to simulate a l6ose gas generator
The mathematical model had a total of 123 degrees impacting on the base frame (sce Fig. 3 for gas
of freedom representing the mi=aile hodv and re- generator and base frame locations). The calculated
entry system as lumped masses. TForces due to a re-entry body responsc i{s shown in Fig. R, The
..normal separation plus forces which simulate abnor- _  mensured re-entry hody acceleration data from the

‘mal events.were applied to the mode), - The responses ~ C3X-6 flight {s also shown: It is evident that the -, = ¢ ..°
at Tocations of interest such as the re-entry bodies, re-entry body responses due to this event would have
equipment section, forward and aft domes, and been consid mbly below those measured on C3X-6,
nozzle were computed for each case considered. Therelore, it was concluded that this event could not
Then the computed accelerations were compared liave caused the mystery shock. |
with flight data measured at the same location, Not :
all the possible causes of the mystery shock consid- ) . ] A i
ered were investigated with the dynamic model since )
many theories could be eliminated by the flight data . ™
alone. A sketch of the structural dynamic model is »
shown in Fig. 6, The boxes represent lumped 2w
masses. Cylindrical shell portions of the missile § X
were 1modeled as ring shaped elements. The pro- EH .
pellant was represented by concentric cylinders 2
connected by shear springs. The calculated response LI
at the re-entry body c.g. due to normal ignition and w1eg L 4. e )
separation forces is shown in Fig. 7. The measured TIME AF TER SECOND IGN 110N, MILLINECONDS i

re-entry hody acceleration from a flight with a low
mystery shock is also shown for comparison. The i
Initial response shown by the flight data but not by Fig. Zomcoggq;i:&r;,::g(;:msusregr::;t:t::d

the simulation results is due to forces from detona- e sll‘ a » FAS K

tion of the pyrotechnic separation joint, These ppage

forces were not included in the input to the dynamic 2

model. Partial Nozzle Blockage

To determine the effect of a piece of propellant
passing through the second stage rozzle, gas dynamic
. simulations were represented by step functions of
Ferr AN 3w e various amplitudes and a duratfon of 10 milliseconds.
PO Blockages of 60, 36, and 20 square inches were con-
gidered, The momentary blockage results in a re-

A .
itesIaATIm

e w P 1O i .
nm-’::'::‘r‘\: jrorns g duction in interstage pressure and an increase in
~. }ynumlﬂ 5\ T chamber pressure, Thus, the resulting second
\1;}’ j. stage acceleration decreased during the blockage and
. NPPO T M-u«.nw »ova

Sk raminG ,,mm Sponwans " agcond #TAGE el sharply rose once the throat area cleared. lLoads on

Aparsn the second stage structure resulting from this phe-
nomenon were fnput to the structural dynamic model,
Fig. 6 - Mathematical model of Poseldon at The re-entry body acceleration-time history for the -
. . second ignition 36 square inch case is shown in Fig. 9. This block-
R cet T oo < cage°size produced good agreament with the CIX-6 - . T

flight data. Note that the computed response com-

_pares well with the data both in magnitude and fre-
DATA YROM €2X-13 quency distribution, Other information however .
tends to discount this as a possible candidate: (1) no e
evidence of nozzle blockage hias been recorded during :
second stage static firings, and (2) there would have
L . , been perturbations in the chambes pressure if this .
< “i " . '6;" e o e e . had occurred during flight: Chamber pressure c . L@
Tk hern secou e, MiCLsicouod c * ““mensurements did not Indicate any perturbations’” : cfe
. Therefore, this theory wag also eliminated. : .

" ACCELEMATION, G'S

Fig. 7°< CBmputer simuintion of second ignition/ °
first separation, no anomalies
3. First Stage Destruct Charge Detonatfon
POSSIBLE CAUSES OF THE MYSTERY SHOCK )
The possibility of dislodging the first stige de-

Many theorics were offered in an attempt to ex- - . struct charge and its subsequent auto detonation
plain the cause of the mystery shock, The I'olloglng ‘during first separation wins examined, The destruct
paragraphs give a brief descripiion of each of these charge consists of a detonator block and a flexible
theories and outliue the analysis which leads ‘o ac- linear shaped charge {FLSC) which are \tt'\(‘hod to
cepting or rejecting each hypothesis. / the first stage forw'lrd dome (ace Fig. 1),

: /

! 159




Conservative force-time histories acting on the
second stage nozzle and aft deme due to this event
were input to the structural dynamic model. The
calculated re-entry body responses are shown in
Fig. 10 along with the C3X-6 flight data. Since the
simulation results show considerably lower acceler-
ationa than measured during flight, it {s enncluded
that 2uto detonatior of the destruct chargp is not the
cause of the' mystery shock.
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Fig. 9 - Comparison of measured data and
computer sinwlation, partial
nozzle hlockage
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Fig. 10 - Compnrison of measured data and
computer simulation, detonation of
the firat stage destrucet charge

4. Choke Planc Shifts =~ e

Congideration was given to n possible shifiing of
choke plancs during the first separation cvent, A
sketch of the gas flow in the interstage during the
second {gnition/first separation event is shown In
Fig. 4. Initially, the flow chokes hetween the nozzle
exit and the first stage forward dome, Choking alsn
occurs at the separation gap in the intekatage skin
unti) the nozzle clears the Interstage, At approxi-
mately €5 milliseconds after second stage ignition
signal, the flow hetween the nozzle exit and first
stage dome unchokes. At approximately 110 milli-
seconds, when the nozzle has Just cleared the inter-
stage, the separation yap choke plane shifts to
plane between the nozzle and the Interstape skin, It
was concluded that no flow disturbance aroge from
these shifts and no shift was occurring at the time
the disturbance wiasg recorded in flight. Therefore,
choke plane shifting is not considered the source of
the perturbation that results in the mystery shock,

16H0

5. Nozzle Flow Separation

Flow separation occurs in the second stage
nozzle during the entire first separation event. The
separation point moves up and down the nozzle in a
continuous motion during the event. However no
mechanfsm has heen defined that would result in a

rapid separation-point shift which is necessary to
“cause a flow disturbance of significant magnitude,

The mystery shock, therefore, cannot be attributed
to this event,

6, Base Frame "0il Can"

An investigation was conducted to determine
whether the base frame (see Fig. 3) which supports
the re-entry bodies could o'l can” when subjected
to first separation loads, thus producing the shock
ohserved. This analysis revealed that a 25 g static
load at the hase frame is required to produce this
phenomenon, Acceleration measurements do not
indicate more than 7 g's prior to the beginning of
the mystery shock, thus this event is not possible.
The lack of correlation between shock magnitude and
re-entry hody position or number of hodies men-
tioned earlier also discounts this theory.

7. Slippage in the Missile Field Joints

Impact between the two aides of a loose forward
skirt adapter - equipment section assembly joint
wis :ialso considered as a possible cause. Since
analyses showed that the entire joint is always tn
compression throughout the flight time of interest,
this event cannot occur, The same conclusion also
applies to the other field joints,

8, Combustion In the Intersmg_e

Another theory held that secondary combustion
eould occur in the interstage due to fuel vich com-
bustinn gases mixing with air. To examine this
theory, pressure measurements were taken in the
interstage on subsequent flights, No sudden rise in
fnterstage pressure occurred on these flights,
this phenomenon would produce a significant veloeity
increase which wns not reflected in the misstle ac-
celeration data,  Therefore, this theory was
disearded,

4, Interstage Rupture

Some suggested that the shock resulted from
interstage rupture. Thia theory s not credible
beeause the interatage was designed and tested to
much higher pressures than those measured in the
interstage, Also, fnterstage rupture would have

< resulted in a sulden interstage pressure drop and

velocity decrease which is contrary to the mensured
data, thua eliminating this theory.

10, Popping Motor Dome

The popping motor dome theory assumes that
prior to and during the Initial phase of the sccond
stige maotor ignition process 1 zeal ts formed In the
unbonderd area hetween the propetlant flap amd the

Also,
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aft dome insuhtor of the' second stagé motor. . Then”
‘the 'seal suddenly releases during dome expansion,
allowing gas to i1} the gap between the flap and in-
sulator, resulting in a sudden redistiibution of the
chamber pressure forces. Tlustrations depicting
the positions of the aft dome and propellant before
ahd after the "pop” are shown in Fig.-11. The pro-
pellant is not bonded to the aft dome because the
large motion of the dome (1 inch) during motor pres-
surization would result in large propellant strain,
However, to prevent propellant burning along the aft
dome a flap is bonded to the propellant. Thus, there
is a gap between the flap and the aft dome insulator
during normal motor operation, The "pop'" occurs
when this gap is suddenly opened. The credibility of
this theory was also explored with the structural
dynamic model. The resultant forces on the propel-
lant and aft dome that were used to simulate this
event are shown in Fig. 12, The propellant force
shown in this figure is the difference between the
forward acting and aft acting pressure forces on the
propellant. The forward dome forces are not shown,
In Fig. 13 the computed responses are compared
with C3X-6 flight data at the re-entry body, The
agreement {n magnitude and frequency distribution is
excellent. Tt is therefore concluded that a "popping
motor dome’ is capable of causing the mystery
shock, Additional evidence supporting this concept
included the following:

a. It provides an explanation for the absence
of a mystery shock during static motor
firings. A “popping motor dome" is not
likely to occur during static firings since
there is no interstage pressurization or
second stage acceleratfon which aids the
formation of the seal.

b, The shock magnitude can be changeed consid-
erably from that shown in Fig. 12 by varying
the pressure difference between the forward
and aft domes when the seal breaks, thus
accounting for the differences in shock
levels from flight to flight,

<e. The sheck from a popping metar dome’ would -
be primarily longitudinal, thus agreeing
with the mensured acceleration data,

d. The transverse motion can be generated hy
assuming that the introduction of chamber
pressure into the aft dome-propellant cavity
does not occur symmetrically about the

. mlsallegongltwléml axis, c oy

o . <
¢ LI
<

e. ‘lo ~velacity ch’mm rvqult‘l from a popping
dome hecause it is just a redistribution of
pressure forces within the second stage
motor,

f. No correlation of the shock amplitude with
the number of re-entry bodies or instru-
mented hody position would be expected,

g No perturbation would be expected in the
motor chamber pressure hecause the Inftinl
volume change due to filling the gap hetween
propellant flap and dome i small compared
to the motor volume - less than0, 5 percent,

oo
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:rh:' And finally, we' would not expect to see 'mv»z e

perturbation of the interstage pressure,
again because the volume change of the
interstage due to second stage dome motion
would be very small,
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Fig. 11 - Aft dome of second stage motor, before
and after popping motor dome
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The popping dome theory was the only theory
that matched the flight data and satisfied all the addi-
tional clues from the flight and ground test data, The

" theory was considered sufficlently credible to justify
a design change.

DESIGN CHANGE

The chosen design change was to insert a poly-
propslene netting between the aft propellant stress

relief flap and the aft dome insulator in order to vent

this area and prevent the seal from forming. The
netting has eight (. 04 inch diameter) filaments per
inch in a rectangular mesh., The netting hae a total
thickness of . 08 inch because the filaments in one
direction overlay those in the other direction. This
netting was suggested by Hercules, Inc, (Hercules
and Thiokol, A Joint Venture, Manufacture the
Poseidon motors). The netting is attached to the aft
dome finsulator in the gap shown in Fig. 11. This
netting was included in the second stage motor for all
Poseidon missiles beginning with the twenty-first
Night,

A statistical comparison of the shock magnitude
measured at the re-entry body c.g, for all Poseidon
flights where data {8 available is shown in Fig, 14,
This data was divided {nto two populations: first,
the initfal twenty fliy4ts (data was obtained on
efighteen of these) which were manufactured before
the design change was instaled; and, second, all
flights after the initial twenty., These motors all in~
cluded the plastic netting.

It can be seen from Fig. 14 that significantly
lower shock levels were measured after the design
change. Also, the variation from flight to flight was
much smaller. The fact that the shock amplitude
was significantly reduced by the netting demonstrates
that popping dome was the cause of the mystery
shock. Thus we were successful in Jetermining the
cause of the shock and in making 2 design change .
that reduced the amplitude. The loads and package
environments based on the data measured on flights
after the design change are acceptable for Poseidon
missile design.

CONCLUDING COMMENT

Popping dome shock {s a potential problem for
any missfle which uses solid propellant motors.
Motor cases are frequently made of fiberglass or
similar materials which experience large growth
during motor ignition and pressurization, Motor
dome growths of an Inch or more are common. If
the propellant is bonded to the dome, large bond
stresses and large propellant strain results. The
deslgn solution most often used {s to not bond the
propellant to the dome which allows a gap between
the dome and propeliant when the motor is onerating.
This design solution can result In a “"popping dome"
shock. This paper described one approach which
was successful in reducing the shock amplitude.
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- -Mr: McWhirter (Sandia Laboratories):

DISCUSSION

~ T noticed
that you still had several shocks that were‘of
quite an amplitude, did the netting fail to com-
pletely prevent bonding between the two surfaces
or is there some other reason that it popped?

Mr. Pendleton: We feel it could be further re-

duced by putting in a thicker netting., We used .-

roughly a 1/10 inch netting and we think that
during the long time period between when the
missile is built and when it is flown, the flap
and the insulator can press down and form a
partial seal so that we think a thicker netting
would reduce it even further.
Mr. Sanders (Rockwell Internat!onal) Where -
were your measurements made in the missile?

°

Mr. Pendleton: The measurementd were made at
the reentry body c.g in the missile, and we
used that as our primary comparison because

it was the only location that was available

on all flights., We compared that location even
though we had data at other points in the mis-
#le. We had a particular troudblesome problem
too in that a telemetry blackout during second
ignition just coincided with the time.of the
shock, so had it not been for the reentry data,
that did not get blacked out in this time
interval, we would never have discovered {t.

Mr. Sanders: How did you conclude that you had
not changed the transfer function by this
technique, that is pressurization of the aft
dome, and hence affecting your data, rather than
changing the source of the energy?

Mr. Pendleton: 1 presume that you are suggesting
that the force comes through the aft dome somehow
to the propellant in this area.

Mr. Sanders: Possibly yes,

Mr. Pendleton: TIf this area were actually open
as it is supposed to be during this interval,
there wouldn't be any way for the force to get
carried scroms that' {nterface: so that, in eithetr
case, 1f shork got across the interface, it
would mean that the gap was not opening as it
was supposed to.

Mr. Cies (RCA): Did the time histories change
with the netting, or did the peak to pesk
anplitude Just reducc in that timé area?
c & ¢ ¢ € eVig

H?. Pendlecong Dld youcsay the time 1ntervnl?

< O
Mr, Cies: Yes, the time h{atory. You showed
the peaks for that 0,1 second duration; did
they decrease in that area or did the complete
time hiatory change?

Mr. Pendleton: The frequencies stayed primarily
the same because they were the structural
frequencies of the reentry body that we were
exciting, so the frequency stayed primarily the
ssme and the amplitude dropped.
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... SCALING OF WATER IMPACT DATA FOR SPACE
' < SHUTTLE SOLID ROCKET BOOSTER

R. Madden and H.A, Wright )
Bolt Beranek and Newman Inc. ‘ : et
- . Cambridge, Massachusetts 02138

and

D.A. Kross
NASA - Marshall Space Flight Center
Huntsville, Alabama

A combined analytical and experimental program 13 performed in
order to analyze the water impact environment cn the space shuttle
8011d rocket booster (SRB). The analytical studies are intanded to
identify the nondimensional parameters that are principal contributors
to the loading of the vehicle and thus to prcvide techniques for extra-
polation from small-scale models to [ull-size vehicles. The experimental
program 1s then conducted to verify the analysis and to indicate those
parameters which require more sophlsticated scaling.

Tests are conducted on a 6-in.-dlameter rigid model and on 12-in.-
diameter rigid and flexible models. The tests consisted of dropping the
models at various impae¢t veloclitles and at various entry angles without
pressure scaling. The test results are analyzed to determine axial and
pitch acceleraticn, penetration depth, and slapdown pressure as a function
of impact velocity.
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'fvis:decelerated by parachutes ‘and/op _

c

<

19

—meters.

retrc-rockets, and finally lands in
water. Preliminary investigations of
these water impact loads indicate that
they contribute substantlally to the
mechanlcal deslgn of the booster.

cc

full-scale vehlcle is impractical be-
.cause of the costs and time lnvolved
in constructing and testing a full~
scale The most feaslble
approach 1s to investligate exdsting
theories for water entry and then to
perform a numter of tests on scale-
model SRB's, thereby establlshing ~p-
propriate scallng relationships. The
loads on the full-scale vehicle may
then be estimated by extrapolating the
data from the scale-model tests.

ot mitatiian
gLrucLure.,

The present program Is composed of
three phases. In the first phase,
exlsting theoretlcal scaling laws are
investigated for toth rigld bedy and
flexlble tody dyramics., In the second
phase of the program, one 6-in.-dlameter
model and two l2-in-dlameter mcdels are
constructed feom a tentatlve solid
rocket bcoster zcorflguration., The
in.=dlaret:r nodels have dlfferent
thicknesses in order to illustrate
flexibiiity effects. The mecdels are
instrumented with pressure sensors and
accelerometers, In the third phase

cdrop tests irn the nozzle-llrst -r*ry
confiburation are corducted at varlous
lispact veloclitles., Hirhespeed photo-
graphs are taren of “he drv;,.

12~
wall

Thls paper presents the Lheoretical
analysis, a discusslon of the muiels
and the measurement ccheme, and the
results of the ncdel tosts,

e < 3

ANALYSIS OF SCALING PARAMETERS

The model studles of watler lipuce .
on the IRI durlng reentry are aimed
primarily at extrapolating experimental
observations on models ¢f different
scale. Cince the physlcal system 1s
extrerely complex, the aralysn" pre= ,
sented'fere are not rigorousd Howe vy, et ¢
“they provlde a gualltatlye, undsp=
standin® of varicus phensrena and serve
to fndicate “he primary scaling para-
In this sectlon, the varlous

rhases of water irpact are reviewed,

and the dirensionless croaps which
appear to be Important durtne each
prhase are presenteds Althourch entrles

Gther than vertvical ones can be exe-
pected Lo the actuil CRE, this theo-
retlical discusslion !s restricted to
vertical entry,
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.nozzle durlng thic phase may

[

ce

Qualitatively, fhe rolloairg phases

S or rotlon are likely:

1. Initial impact stage. This stage
begins with the time of initlal water
contact and terminntes at the onset of

- . ° cavity formatlon, -
¢ 5 Perfor ing water 1 rpact-tests on a - fL

: s L ee © . o
- < 3 e B

. ¢ ¢o
2. Sulmergence @itage. This staie be-
cgins with formation of the cavity and
terminates at maxirum subrergence; l.e.,
the vertical velocity 1s zero.

3. Rebound stage. This
the vehlcle's moulon from
submergence stave throuyh
slapdown, ard final settling in
water.

stage covers
the maxinum
resurfacing,
the

In the following sections, simpli-
fied mathematical models of the physics
of water impact during each of the above
rhases are presented. These analyses
glve insight into those parameters
which ought to enter intc a dimenslonal
analysis that will allow the extrapola=-
tion of data from a scale-model experi-
ment to the prototype (see, for example,
Refs. 1 and 2). The quantities of in-
terest.are assumed to be the vector
acceleration of the center of mass of
the vehicle and the fluld pressure ex-
erted at various points on the skin of
the vehicle.

Rigid Body Scaling

nteial irpaost

Dux*mf the Infvial lnpact stavre,
the nozzle tecomes fllled with water
which e¢xerts pressure on the noz:sle
Lthus dezelerates the entire venlele,
come lnslyht into the forees on the
Le obtalhed
steady flew

and

from an cxtrerely sinplifled
analysis.

. e .
Assunmling a vertical entry condi-

tlen, the forse on the norzle 1s glven
Ly
x . .
'

. égu%,ﬁ i—.i’_é.g%‘gisc,o c.0 (1)

e co C e < ‘ cc ¢ o
whore

R S 'S

g

F 1s the total force on the neuzle
P(x) 15 the prosswes ~* some dis-
tance x,
r is the radlus

é




roo1u the Lhroat radlius
[
2” i the leneth of the neasle,
O 1a the nossle half-nnele.,
The Lowortant parameters are shown in
Pl la.
o
i l
" ! U 'Y
| I ‘
R
ta) NOZZLE CONFIGURATION
- e £ e
) i
(5] BUOYANCY MODEL
Py I
[N P e | ~——
Lo
1 4
J l"" U 1
{c) GAS COMPRESSION MODEL
FIG. 1., MODELS FOR THE INITIAL PHASE

OF WATER IMPACT

The pressure at any point in the
nozzle may be related to the initial
velocity by Eernoulll's equation and
the continuity equation as follows:

2 2
P(x) = Du(j} -5 - gx) ;

»
.~
o
e

and

. (ﬁg),v I
u 3

A o | H=%xtane (3)

whaere

V and A are the
resnectively,

vilocity and area,
at some positlion x,

<
-

5 the lmpact veloclty,

A i3 the nozzle oxlt area,

p  is the density of water,

the radius of the nozuzle at
exit,

R is
its
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wWhen kgs.
cuted Inlo Ha,
the lenpih of
B el

vt nondine

i 52n ln R .
IR Z Oy 4T oy o
P, ViR Jo R N
If the force is transformed tco accelera-
tion, then two additicral dimensionleszs

£rouns appear:

2
= > pnp‘“ 3
L wd
where m 1s the mass of the nozzle.
Tnerefore,
V2 . )
RN SN o oo 4y
S TN AN I AT TR
no I n 0
where Vi/4 1 1o the Froude aumber.
2" n

not consider viscous
hewever, the inclusion
zids consideratly in
a as indicated the
lon.

1w

al factors: buoyancy and
compressi £ the pas inside the model
cavity. exvrenely simple mathe-
matical models will ve used to bound the
Lehavier of a rigid model during the
submergence stage. The first model as-
sumes that the vehicle is a solid c¢cy-
linder and that the important forces
are pgravity and buoyancy. The second
model assumes that the vehicle is a
cylinder that is c¢losed at one end and
open at the other end which contacts
the water. In this medel, the forces
represented are a result of compression
of the gas in the vehicle and gravity.
The actual vehliecle should be contrclled
by some combinatlon of the forces uti-
lized in these two models. These two
models are also i1llustrated in Flg. 1.

2]

by two phy
o]

i

Buoyancy model

The differential equation appli-
cable to the solid cyllinder (sce I'ig.
1b) 1impacting the water ls given by

m¥ = mg - o pxA (5)
where
m 1s the mass of the cylinder,

x iIs the penetratlion depth,

Best Available Copy



- is the acceleratlon due to gravity The different’al equation appli-
cable to tnhe medel ig

p, 1s the density of water .

mi = (P,~P) A + mg . (10)
A is the c¢ylinder aree.
These egquations may bve nondlrension-

When this differentlal equation 1is allzed to give Lhe same parameters as
selved with the condltlons that the obtained from Eg. (7) plus the addl-
Initial veloclity is vV, and the initlal ticnal parameter,
penetration 1s zero, the following re-
sult 1s glven: B,
- ERY: . ( 0 *) Pty
= 1 i ~ [} _o - o, 0 ° o
X = -.’Jo Fye :A..J o t+° T l-cox m t.
o : ° which is the pressure-scaling parameter.
(6) This parameter indicates that when

scale-model tests are performed, the
atmospheric pressure should be scaled

Therefore, the lmportant nondimensio
> r por-an ndimensional linearly with model size.

parameters are

V2 - Hebound stage

S A

L, 7 pAL, C gRy 'qin ’ During the rebound stapge, the in-
stability of the vertical moticon causes

‘the craft to lean over and eventually

and £, is a typlecal dimension of the g Tor o i aai e MRS
vehicle. lote that for geometrleally zie flat on the surface of th1fa:er.
scaled models A = ccnst 22. Therefore, in ??L%"%?n o .?c parameters ‘is“id

for the submergence stapge, 4 buoyaney previously, I, the rctary morment of
model may be represented b, irercia of :ra:? aLour an axes exignux—

cular to
»

Lo o
to the axls ¢f symmeilry, is
importance. [ H

i
2/2(88/E+r?) under

2
V - b
% f Vo m , - | - Y -
Fi ”t FTo o A o b IL N whe assumptlon that the crafs is a
- 0 o | cyillnder,] Thils introduces a now non-
dimenslonal paraneter, Im/mlg.
iag wompression mede!l o
‘he as compresslon model is re- Flexible Body Scaling
cre a cylinder which 1is open
at d cloused at the other. As The provicus analyses rest on the
sho ¢, 1t 1s assumed that the assumption of rigld-body motion. The
ope s the water first. It Justificaticn of this assumption clearly
wil that the ras In the depends on the speed with whilch energy
cee cle ils compressed ac- s carried away by =2ither comuressional
o artitrary process, or bending waves. Thus, two itieneal
which defined by parameters enter Into the analysis: the
v velocity of ¢onpressional waves in ¢
] hw)k skin CQ(C£=/h/o); arnd the skin
P, = (1 - +s=)P : . . s
¢ Ly ? ness, h. 'The velcclily of bending waves
is a funection of thece two parumeters
or and of the forcing frequency, which is
a2 derendent varlable here,
Yo n,, n
= N W W o} - 3 . P N N
B L=k, s << 1 . (8) In order to consider flexibllity
0 effects, two more rnondinmensional para-
Aldivionnlly, fron statlies we et meters are required:
. _ “2 )
Pomby = ogr (2-h,) (%) 7= and %L .
7o o
wlesre : .
During the slapdewn and rebound phuases,
. . . - YO Y %3 4 - v Sy NNy N
Lo tsother helyht of water inslde the t&e'xey{cscn.auive bending 1,gqunnb¢ w
“ ¢f the vehicle will alsc be of im-
B T A TR NP E T Al R TN - n ~ - e
Joenle Lo as o meagured fron Lhe portance., This adds one wmore dlmenslon-
Loltton o the vehlele, LESS Lroup:
wl
5y o . Pig.vrt o e, e 9 >
PSS e TS L 2 prrrlUure, —T——



which may be recognized as the Strouhal
nunber, S. The bvendlng fregquencles w
of the vehicle may be further reduced
to

Under the assumptlon of pgecmetrlc
and material similarity and Froude
scaling, the equations of impact U=
duce to

{ P, Cyo
X ooy V&, o h
2, 1 Ly 2 0,27 * o,k PV

(11)
MODEL CONSTRUCTION AND INSTRUMENTATION

Three alumlnum models arc con-
structed for the program. The models
are peometrically scaled with respect
to overall size, weipght, center of
gravity, and piftch moment c¢f 1nertia.
The models have different wall thick-
rnesses 1ln order to evaluate the effects
of flexibility on impact loads. How-
ever, the wall thickness and, therefore,
the flexibility parameter are not
scaled. 'The folleowing sectlions discuss
the construction of the models and the
instrumentation used to measure and re-
cord accelerations and pressures at
various points on the models.

Model Construction
£<in.-diamectcr models

The €-in.~diameter model 15 shown
in Fig. 2. The body of the model is
made from a single aluminum cylinder
(51.5-in. long, 6.25-in., ID, 0.062-in.
wall thickness) with three fitted bulk-
heads. 'The bulkheads proviced stif'f
platforms on which the instruments and
ballast welghts are placed.

The nozzle (0.080~in.-thick
aluminum) is welded to the bottom bulk-
head. The nose cone (.040-in. alumi-
nur) is secured by screws to the model
body. All junctions and screwholes are
cealed with RTV 732 sealant.

A 1/2-1n.-1ID copper tube, held by
rubber bushings in the two upper bulk-
neads, is used to collect the data
cables from the sensors. A ll-lead
flexivle f{lat ribboh cable 1s used to
transmlit the data from the model to the
on-pround recording equipment. With
vallast welghts, the moael's center of
cravity is 26.3 in. below Lhe nose
cone base, lts welght 1is 12.2 1b, and
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the plteh moment of lnertia ls
= 1 -] 2
Ip 3400 lbm in.
o SRB MODELS
v, - '
i L e
» .
Y 1 4
;ﬁi —— j1
L gt
. ek
T .E*ﬁTJ
FIG. 2. SRB MODELS

1l-in.-diameter models

The l2-in.-diameter nmodels are
shown in Fig. 2. Each model body is
constructed from two cylindrical shells.

Three bulkheads, supported in
stiffening shells, are used as instru-
mentation and ballast platforms. The
thickness of the shells is 0.062 in.
for the thick-walled model and 0.031
in. for the thin-waliled model.

As in the 6-in.-diameter model, a
1/2-in. pipe, held through rubber bush-
amgs in the bulkheads, is used to col-
1ecu the data wires frem the different
sensors and transmit them to the main
data cable. All joints and screwholes
are sealed with RTV 732 sealant. With
ballast weights, both models' center
of gravity is 52.6 in. below the nose
cone base, their welght is 47 1lbs, and
the pitch inertia is

I =

108,800 1b_-in.? .
o} m

Model Instrumentation

Two types of sensors are used 1n
the testes: the BBN 376M pressure sen-
sor and the BBN 501 accelerometer. 'The
pressure sensors measured the water
pressure on the side of the models and
the Internal pressure inside thc model.
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The accelerometers measured the axlal,
pltch, and roll acceleratlon at loca-
tlous shown in Fig. 2.

Flgure 3 1s a block dlagram of the
data acqulsition and playback system.
The 376M pressure sensors are cali-
brated in alr and under water. The
underwater callbration consisted of
comparing the 376M rcsponse to that »f
a4 ¢allbrated hydrophone., It 1s found
that the 376M sensitivity under water
is approximately the same as in alr.

|
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TAPE RECORDER
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AMPLIFIER LIGHT PEN
OSCILLOGRAPH

FIG, 3. DATA ACQUISITION AND PLAYBACK

BLOCK DIAGRAM

EXPERIMENTAL ANALYSIS

The majority of the drop tests for
this program are conducted in a 33 ft x
22 ft x 14 ft deep water tank. All
drops are for the tall-first entry con-
f'iyuration.

The testing program consisted of
) dpers of the f~in,-dlameter model
and 79 drops of une le~in,-diancicer
models for a total of 119 tests. The
l12-in.~diameter model drops included
%6 drops of the rigid model and 13
drops of the thin skin model. Impact
velocities of 7.9, 12, 16, and 22.7 fps
are tested in the f-in.-dlameter model
program; veloeltices of 11.2, 17, and
27.6 I'ps are usel in the 12-in.-
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dlameter model program.

This section includes curves for
scaling axlal acceleration at water
impact, maximum penetration depth, pene-
tration depth as a function of tlme,
surface pressure, and pitch accelera-
tions at slapdown., Howeva2r, the scatter
in the slapdown data 1s so great that
a large amount of data is required to
glve statistical significance to a
scaling law. The curves do, neverthe~
less, illustrate the effects of vary-
ing model flexiblility on resultant loads
and response,

All data in the next five sectlions
refer to a vertical entry condition.
Typlcal data for nonvertical entry are
presented in the section entitled "Non-
vertical Entry." Results are presented
in dimensional form or in dimensionless
form in cases where this form appeared
to collapse the data.

Data wr~ recorded with a bandwidth
of approximately 2 kHz; however, these
wideband data exhlblted an extreme
amount of scatter. Therefore, we fil-
tered our data to 50 Hz low pass in
order to reducc scatter resulting from
statistical 7ariability and to eliminate
misleading intense responses resulting
from mechanical resonances of the in-
strumentation or mounting.

Axial Acceleration

Figure lUa shows axial acceleration
as a functlon of impact velocity for
the 6~ and 12-in. models. The figure
is a composite of all observed peak
axial acceleratlions and includes data
from both mid-model and nozzle positions.
The extremum of the data is shown by a
vertical line and the mean by either a
circle or cross. No discernible dif-
ference 1s found in axial acceleration
between mld-mocel and nczzle stations
nor between rigld and flexible models.
This result 1s to be expected, sinze
even "flexible" models are very stiff
axlally. There was, however, a pro-
nounced difference between the 6-in.
and 12-in., model results.

Figure U4b shows the same data
further collapsed through the use of an
impact parameter which is composed of
both the Froude und D¢,ucldc nnmbers
(V2/gD)®/% (VD/v)?/%, where v is the
kinematic fiscosity. This technique,
which has been previously used (Ref. 3)
in hydroballistic modeling, appears to
be quite appropriate for water entry of
the space shuttle solid rocket booster.
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Penetration Characteristics

Flgure 5 presents the maximum pene-
tration of the - and 12-in. diameter
models as 2 function of impact velocity.
The 12-in.-diameter model gives a con-
stant nondimensional penetration as a
function of veloclty; whereas in the
6-in.-diameter model, nondimensional
penetration increases with velocity.

The results, similar to those for axlal
acceleration, show that vehicle flexi-
bllity did not contribute to the value

of maximum penetration. The nondimen-
sional penetration is divided by the
sixth root of the Froude number to col-
lapse the penetraticn as a function of
time data. The one-sixth power is
similar to that required to nondimension-
alize the axial accelerations.

Since the two models differ by only
10 percent at the highest velocities
and since the trend appears to be a de-
creasing penetration as a function of
vehlcle size, it 1s tentatively assumed
that the 12-in.-diameter results will
apply to larger scale models. Note that
these curves do not Include the effects
of pressure scaling, and that, conse-
quently, penetration of larger models
may be underestimated by as much as
20 percent. ’

The nondimenslonal model pene-
tration as a function of time ls pre-
sented in Fig. 6._ Time 1s normalized
with respect to vg/D, and the data are
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multiplied by the sixth power of the
Froude number to compact them further.
This figure is a composlite of the 6-in.-
diameter and 12-in.-d. ameter model test
resulits as taken from nigh-speed photc-
graphs of the penetration.
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FIG. 6.

Raw data points are shown on the
figure in addition to a curve which
encompasses all the data points. From
the figure, 1t can be noted that during
the initlal penetration phase, up until
maximum penetration, the scatter in the
data when plotted against the coordin-
ates chosen 1s minimal. Maximum pene-
tration occurs at approximately the
same nondimensional time for all tests;
however, there is a slight tendency
for the higher velocity models to reach
maximum penetration at a later non-
dimensional time. As indicated on the
figure, the spread in data is much
greater following maximum penetration.
In addition, the higher velocity models
require more nondimensional time to
resurface. It is well to rememver,
however, that the tlme nondimensliona-
lization contalns the Froude number,
thus distorting the time scale. If
data are plotted in real time, it would
Lecome clear that the higher velocity
models reach mazimuwm perietratlon earlier
and, in addition, resurface earlier,
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Surface Pressure

Figure 7 presents surface pressure
as a functlion of penetration dep'h
based on hydrostatic pressure considera-
tions. Analysls of data taken during
the test program showed that thils is
the appropriate relationuship for surface
pressures during near-vertical water
entry. This figure may be used in con-
Junetion with Fig. 6 to obtain surface
pressure distributions over tne model
as a function of time during near-
vertical water entry.
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FIG. 7. SURFACE PRESSURE AS A FUNCTION

OF PENETRATION

Maximum Pitch Acceleration at Slapdown

Figure 8a shows the maximum pitch
acceleratlion observed at the top sensor
position for the 1l2-in.-diameter model.
Medlan points and extension are shown
for both 0.062-in. and 0.032~in. wall
thickness models. The top station shows
the largest acceleration forces durlng
slapdown as well as the largest scatter
in the experimental data. It is found
that the “rigid" (0.062 in.) model
underwent peak slapdown accelerations
which are virtually independent ol im-
pact veloclity and which are of a mag-
nitude of about 21 g's. Although the
data are not shown in iy, 8a, the mid-
model and bottom statlons were also
subjJected to peak pitch accelerations
that were virtually independent of im=-
pact veloclty but of a much lower level
(7 and & p's, respectively).
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If "pigid" (0.062 in.) and
"flexible" (0.032 in.) accelerations
are compared, a large decrease in ac~
celeration as a result of flexibility
is found. Because of the wide scatter
bands observed (even though 50-Hz
filtering was used), it is difficult
to conclude that flexibility decreased
peak pltch accelerations, although this
is sugpgested by the data.

Figure 8b shows peak pltch
acceleration at the mid-station for
12-in.-dlameter models. A great amount
of scatter 1s found in the data. Piltch
acceleration measurements at the mid-
and bottom stations showed virtually
no statistically significant difference
between models of differing flexibllity.
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Model Damage

Drop tests of the 6- and 12-in.-
diameter models with 0.062-in. wall
thickness did not result in any visible
damage to the models. The 12-1ln.-
diameter model with 0.031-1in. wall
thickness was, however, damaged during
the slapdown phase of the first test
and during each subsequent test. The
damage appeared in the form of a buckle
in the cylindrical sectlon of the model
Levacen Lthe centrold and the nose cone
as shown in Fig. 9. This type of
buckling 1s characteristic of cylinders

loaded for a duration which 1s long com-
pared to the shell response time (quasi-~

static pressure) as pointed out in Ref.
I, Althourh a qualltatlive comparison
with the results of Ref. ¥ can be made,
1 Jdircct comparison ls not possible,

since the loadinp functions differ
considerably. lor exauwple, the loading
function in Ref. 4 15 nearly constant
over a buckle wavelength during the
time required to buckle; whereas,
during slapdown, the pressure pulse
propagates along the vehiecle but is
short compared to a buckle wavelength.
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FIG. 9, BUCKLE DAMAG™ TO 12-IN.-
DIAMETER 0.031-IN.-THICK
MODEL RESULTING FRCM SLAPDOWN
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In light of the previous state-
ments, extrapolation of model damage to
full-scale structure damage would be
somewhat questionable and will not be
attempted at this time. Further in-
vestigation should, however, lead to a
methed f'or extrapelation.,

Nonvertical Entry

The principal differences between
vertical and nonvertical water impact
are that the penetration decreases
with increasing devlation from the
vertical axis and that for angles
rreater than 10° a pressure pulse
travels up the length of the vehicle
during the primary slapdown phase.
Figures 10 and 11 illustrate these
trends. The data presented were ob-

tained by NHASA on a 12.5~in.-diameter
mudel simllar to the one previously
discussed.
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Figure 10 presents penetration
depth normalized by vehicle dlameter as
a function of impact angle for angles
of 10°, 20°, and 30° from the vertical
and two vertical entry velocitles. The
curve shows a linear decrease in nene-
tration depth with Impact angle. The
data are weakly dependent on impact
velocity (i.e., a factor of 2.25 in-
crease in Froude number increases
penetration depth by less than 10 per-
cent).  The curves are not nermalized
with respect to Froude number as pre-
viously done, since increases in im-
pact angle attenuate the dependence on
impact veloclty, and normalization with
respect to Froude number does not com-
pact the data. It should be noted that
these data are typicai only for the
models under test and that modifications
to the model will result in appreciable
changes 1n absolute magnitude of the
normalized penetration. However, the
decreased penetration with increased
impact angle will persist.

Figure 11 presents the maximum
pressure recorded along tiic ..2el for
the 12.5-1n.-diameter model as a func-
tion of vertical impact velocity. The
two curves present data for impact
angles of 27° and 17° from the vertical
axis. The significant features of the
data are that the maximum pressure 1s
virtually independent of impact velo-
city and heavily dependent on impact
angle.

CONCLUDING REMARKS

The present study consisted of a
theoretical aralysis of those para-
meters which should be important in-
scaling water impact data and an
experimental program in which models
of 6- and 12-in.-diameter were con-
structed and tested for comparison
with the prcposed scalling laws. Two
12-in.-dlameter models were constructed,
one with walls twilce as thick as the
other, in order to determine what effect
model flexiblility had on the resulting
data. The major conclusions derived
from the study are as follows:

1. Although simple ilheory pre-
dicts that all parameters should scale
with the Froude number, axial accelera-
tions appear to scale better with a
parameter compcse”® of both the Froude
and Reynolds numbers.

2, Pitch acceleration 1s virtually

independent of iriact velocit, for the
rigid models.
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3. Flexibllity effects are rot S S [ R
evidpnt in the results for axiali ac- - S -
celeration and penetration depths.

However, although there were wide scat~

ter bands, more flexible models appear

to experlence significantly less pitch

acceleratlon durin? slapdown and re- i : L. .
tourd. ‘ . oo o o W c :

4. Changes In lmpact anzle are ¢
much more signiflcant to slapdown
pressures and to pernetraticn depth than
are changes in irpact velocity.

° . H < <
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Equation sets are described for the Transient Sweep Algorithm, and
the algorithm performance is demonstrated. The algorithm identifies
optimum parameters of a transicent sweep for generating specified
shock spectra, The specified spectra are expressed as logarithmic
linear magnitude-versus-frequency test envelopes of arbitrary slopes,
~and two such spectra are required in order to control both the magni-
tude and duration of the excitation. A general class of excitations is
reduced to an equation set form incorporating the transient sweep
parameters in a vector, A mathematical representation is assigned
to the particular form of shock spectra used in this paper, and an as yet
unpublished and efficient numerical integration algorithm is described
for determining oscillator response via a step size that varies only
with sweep frequency. A speciiic error criterion function and gradient
vector are identified to permit the application of a general purpose
optimization technique known as the deflected gradient method, Three
demonstration cases are explained and evaluated to exhibit algorithm
performance and to show that the algorithm does generate optimum
transient sweep parameters. Criteria are presented in graphical
form for estimating initial values of the parameters. A practical and
pertinent conclusion of the tabulated results is that the set of optimum
parameéters, in conjunction with the sweep duration, constitute a com-
plete excitation description for implementation on a vibration test

INTRODUCTION

An optimuia set of transient sweep excita-
tion parameters are identified in this paper for
generating response {shock) spectra that match
shock spectra specifications [1,2]. The param-
eter identification is accomplished by an algo-
rithm that applies a gencral purpose optimiza-
tion technique known as the deflected gradient
method. The algorithm gencration of these
optimum transient sweep parameters is func-
tionally described in terms of overall equatiuns
in block diagram form and is also portrayed by
a simple programming flow chart, The par-
ticular equations described are those used in
the algorithm to define the specified response
#pectra, the transient sweep excitation, and
the response spectra resulting from this exci-
tation. The performance of the algorithm can
be seen from the results of three demonstra-
tion cases,

The computer algorithm represents a
practical nonlinear application of the deflected
gradient method [3, 4] since the specified re- /
sponse spectra arc indicative of actual vibra-
tion test conditions. The optimization involves
minimizing an error criterion function that ex-
presses a weighted squared differcnce between
the specified response spectra and those gen-
erated by the transient sweep excitation. The
specified spectra are expressed as logarithmic
linear magnitude-versus-frequency test enve-
lopes of arbitrary slope. Two shock spectra
are specified in order to control both the mag-
nitude and duration of the transient sweep exci-
tation. The excitation is expressed in terms of
four parameters that are iteratively adjusted
within the algorithm until their optimum values
are attained, The excitation is chosen from a
class of time domain functions {g(t) -

A(t) sin 0()}. The system being excited is
modeled by the classical collection of tuned
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oscillators (i.e., single degree-uf-freedom
systems) inherent in the definition of shock
spectra,

Thi. paper is prescnted in three teclinical
sections following a section that states the prob-
lem being addressed, The first technical sec-
tion shows the approach adopted to determine
the optimum set of transient sweep parameters
by means of a computer algorithm, Various
equation sets called for in the blocks of the com-
puter algorithm are described in the next sec-
tion. Descriptions and results of three demon-
stration cases are provided in the final technical
section. A summary of the findings of these
three sections is then presented to conclude the

paper,
STATEMENT OF THE PROBLEM

The problem addressed by this paper is the
determination of a time domain excitation that
generates specified response spectra (i.e.,
shock spectra). Determining excitation from
maximized response spectra, when the system
being excited is represented by a collection of
oscillators, is a problem of considerable inter-
est to environmental experts and is often re-
ferred to as the inverse shock spectra problem
[5-10). A general unique inverse has been
shown to be unsolvable [7], but with application
of certain constraints the inverse will be shown
to be accomplished by means of a computational
algorithm,

The Inverse Shock Spectra Concept

The inverse shock spectra concept is illus-
trated schematically in Fig. 1, which shows a
collection of single degree-of-frecedom (spring-
mass-damper) oscillators attached to a plat-
form. All of the oscillators have the same
damping factor Ly, but their natural frequencies
wj increase from left to right, The entire plat-
form is given a single acceleration excitation
g(t), and the acceleration response time history
X:(t) of each oscillator is shown, The maximum
of each of these responses is then sclected,

The shock spectrum (SS) generated by the
application of the particular excitation to a bank
of oscillators is then plotted directly above the
platform., It is a plot of the response maxima
®,(1) max versus the oscillator natural frequency
wi. Only the discrete frequencies are plotted,
but it is customary to connect the points by a
continuous curve, as represented by the dashed
lines. Mathematically, the response may be
expressed as

max
Nst<c

SSlw, L, g) = %0, w, £, g)] (1)

Figure t shows the specified or desired
shock spectrum superimposed over the gener-
ater shock spectrum as a solid line. The prob-
lem is to select g(t) such that the gencrated
spectrum approaches the specified spectrum
within a saitabhle measure,
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Fig. 1 - Shock spectra schematic

The selection of g(t) may be accomplished
by identifying key parameters of a time domain’
inverse shock spectrum representation for a
special class of excitation functions and then
adjusting these parameters until the spectra
comparison is satisfied. The designated class

of functions is {g(t) = A(t) sin 8(t)}, whichis a
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rapid sine sweep of time varying magnitude.
This form of excitation represents a wide range
of real environments, The parameters are
mathematically contained in a vector designated
@, which will be defined later.

The spectra comparison is refined further
if a second shock spectrum is specified for
control of both the magnitude and the duration
of the excitation. This significance may he
explained as follows,

If a different common damping factor were
assigned to the collection of oscillators and the
platform of Fig. | were again excited by the
same g(t), a different set of response maxima
would result, For example, if lighter damping
L2 existed all maxima would tend to increase,.
The relationship of the second generated shock
spectrum to the first is pertinent to the accom-
plishment df the complete inverse shock spec-
tra [6, 10, 11].

Dividing the second shock spectrum (i.e.,
pertaining to {3), point by point, by the first

“yields a shock spectra ratio that serves as an

additional constraint as it provides a measure

of the duration of the transient sweep excita-

tion, This may be intuitively realized since

under steady-state conditions the ratio will be

large and under impact conditions it will be

small, while for general environments the ratio

will be somewhere between the two extremes, .
The value of the second specified shock spettra

is that, given the ratio of the shock spectv:® the

duration of the excitation is thereby controlled,
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The approach adopted in this paper utilizes
this second shock spectrum {or ratio) thereby
controlling both the magnitude and duration of

z(t).

Optimization Algorithm Inplementation

The problem is extended to the implemen-
tation of the spectra comparison and g(t) sclec-
tion. This implementation is accomplished via
a generul purpuse optimization algorithm, This
process emphasizes the deflected gradient [3,4]
approach {also called the Fletcher-Powell
method) in a discrete formi, The basic concept
of the discrete deflected gradient method is to
iteratively adjust parameters of a mathemati-
cal function acting along lines parallel to a
local search vector (i.e., the deflected gra-
dient) until the function minimum is achieved,
F.ach scarch vector is orthogonal to others
previously determined during the iterative pro-
cedure. The mathematical function represents
2 root squared percentage difference between
given or specified shock spectra and computed
or response spectra from the excitation g(t).
The application involves a nonlinearity that
arises via the transcendental nature of g(t) and
the maximization process inherent in shock
spectra.

APPROACH UTILIZING THE DEFLECTED
GRADIENT ALGORITIHM

The application of the deflected gradient
method to the generation of optimum transient
sweep parameters will be accomplished via a
computerized algorithm, The algorithm is
portrayed in this section in terms of overall
equations in block diagram form an< also by a
simple progranmming flow chart,

General Description of the Transient
Sweep Algorithm

The desired general form of tha algorithm
is shown in Fig. 2. It is entitled The Transient
Sweep Algrorithm, All of the basic ingredients
are represented in the figure, e.g.., starting
estimates, various individual calculations, the
iterative nature, and stopping criteria, In es-
sence, the figure suggests that a transient
sweep excitation g from a designated class of
functions is used to generate maximum re-
sponse spectra SS, which in turn are compared
to specified shock specira S5,. An error
criterion function E and gradient vertor VE,
resulting from the comparison, are operated
on by the deflected gradient methodology to
drive the adjustable parameters o to their opti-
nmim values (i. ¢., such that a user selected
stop criterion is satisfied)., Faquation sets of
the upper four blocks in Fig, 2 are summarized
in the next section,  Functions of each of the
figure blocks and symbols are deseribed in de-
tail in Ref. [t
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Program Flow Charl

A simple computer program flow chart of
the algorithm is shown in Fig., 3. This figure
emphasizes the deflected gradient methodology
by elaborating on the lower right-hand blocks
of Fig. 2 and compressing the upper fourblocks
of Fig. ¢ into steps 2 or 5. The steps of Fig. 3,
which arce well documented in the literature |3,
4, 12], may be summarized as {ollows,

Figure 3 highlights the iterative determi-
nation of a search direction vector $ and step
length or gain ju along that direction. The gra-
dient vector VE in Fig. 3 is modified by a posi-
tive definite matrix, denoted H, resulting in S,
The matrix H is iteratively coiiputed via con-
secutive values of the parameter and gradient
vectors., - The scalar gain p is determined by a
procedure that leads to a minimum value of
E(ag) along the kth search direction Si. The
procedure is Davidon's {13] cubic interpolation
method, which relies on interpolation between
a, and a trial value of @y.

An esscntial step to the utilization of the
deflected gradient is the definition of the error
criterion function and associated gradient
vector (for use in steps 2 and 3). This is ac-
complished in the next section.

ALGORITHM EQUATION SETS

Functions to be performed by the upper
four blocks of Fig. 2 are expressed in equation
form in this section. These four blocks are
particularly pertinent because they represent
the ingredicats and the composite of the error
criterion function and gradient vector required
for steps 2 and 5 of Fig. 3.

Specified Shock Spectra Equations

Shock spectra specifications, which are
generally presented in graphic form 5], must
be translated into equation form in order to be
amenable to the algorithm. These specifica-
tions are generally presented in logarithmic
scales for both the ordinate and abscissa. The
particular specifications of interest are
restricted to thosec corresponding to two
straight-line log-log plots representing either
two shock spectra (i.c., one for cach of two
damping factors) or a shock spectrum for a
given damping factor and its ratio to a second
shock spectrum for another damping factor.
Further pencralization to include multiple
straight line scgments or notches in the speci-
fied shock spectra would involve major revi-
sions to the algorithm; e.g., greater number
of adjustable parameters, different expressions
for the sweep amplitude and argument, or
reinitialization during midsweep.
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Figure 4 ilustrates a linear logarithmic
shock spectrum with appropriate notation., The FREQUENCY, M2
ordiniate is the natural logarithm of the shock '
spectrum magnitude, expressed In 88(f, L) or
shortened to In 88 for convenience.  The 88 is Fig. 4 - Linear logarithmic shocek
expressed as a function of frequency f, rather spoectrum

in f
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The following equation provides the desived
anzlytical expression of the specified shock
spectrumy shown in Fig. 4:

by

SS - SS, (ri) 2)
°

where

in (SSm/SSO)

b, - —(-—-7-—— (3
1 In {rn fo)

The required input data would be the end point
valucs. A discretized form is readily obtained
by setting { = fj where j represents the jth
frequency.

When the reference shock spectra ratio p
appears as a straight line on a log-log plot,
the procedure to express this analytically is
the samec as that just described. The result.
ing cquations are analogous to Eqs. (2) and (3
with p replacing SS. '

Transient Sweep Fxcitation

The general class of cxcitations functions
{g(t) = A(t) sin © (t)} also neceds to be reduced
to an equation sct form for incorporation into
the Transient Sweep Algorithm. This is
accomplished by means of the vector o con-
taining four adjustable elements designated a,
B, R, y. The elements constitute extensions
of classical forms |14] of the time varying
sweep amplitude A(t) and time varying sweep
argument 8(t). Both gencralized and
restricted forms of the ecquation set are pre-
sented. The restrictions pertain to reduction
of the gencral form to the classical special
case forms.

Generalized Forms. The generalized expres-
sions for A(t) werce obtained from the following
equation sct: :

d{ln A{t)) . .
T B, A0 < a, fO) gy (da)

- f(t) Y
4D g gqey (4b)
(40, o) o, (4c)

dt

The development of these forms and their solu-
tions (used in the algorithm) are provided in
Ref. [1].

A subtle feature of the transiont sweep
excitation used in this paper is that it permits
control of the sweep duration,  Often, in tests,
the sweep rduration is arbitrarily sclected,

The expressions for { and 0 are shown in
Ref. [1] to yicld the time to accomplish the
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sweep,  For the general case, solving k. (-1

for time t yields the sweep duration when an

upper bound on the frequency is given, i.e.,
d-y 1-
(Yo 7Y
111 Q

S S 5
s Rl -y oyl (5}

where
ts‘ < total sweep time
tm » maximum frequency to be achieved

Restricted Forms. [t is pertinent that the inte-

Sweep Algorithm.
‘arc linear, y - 0: exponential, y -

grated solutions of Fas. (4) take on special
forms corresponding to the values of f and v.
Three frequency sweep methods {i.c., linear,
exponential, and original transient) are his-
torically common :6, 14, 15} and arc there-
fore included. FEach of these may be described
by adoption of specific values for § or y: each
is subsequently accounted for in the Transient
The y/method relationships
1; and
ariginal transient, y * 2. Also, in the histori-
cal usage of all three of these methods, the
sweep amplitude was generally held constant.
This is accomplished when g = 0,

The general form reduces to the linear
frequency sweep when parameter v = 0. This”’
reduction pertains to both Eqs. () and sweep
duration in Fq. (5)

Setting y = 1 obtains the exponential
frequency sweep form. Solving Eq. (4b) for t,
after setting y = 1, provides the sweep dura-
tion tor the exponential, i.e.,

t—l-lni (6)
s R fo |

The significance of the exponential frequency
sweep is that it is intended to spend an equal
amount of time passing through cach oscillator
bandwidth during the sweep.

Setting y = 2 viclds the frequency sweep
form originally intended to simulate near
pulsc conditions. Solving Eq. (4b) for t, after
setting y - 2, yields the sweep duration for the
original transient sweep duration:

i ( 1 1 ) -
== - = (7
) R fo tn\

Equation (T has some interesting side-
lights. [First, it can yield an approximate
sweep duratinon estimate that is essentially
independent of f,, when {1, g (e.a., fo - 5 Iy,
fiyy, © 2000 Hz, which are vibration test stin-
dards), i.e., .
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ts~T{T; (8)

Also, the sweep time indicated by Eq. (7) rep-
resents the duration associated with maintain-
ing a constant number of cycles while passing
throupgh the bandwidth of any oscillator excited
during the sweep.

The insight pained {rom these special case
sidelights proved to be valuable during the
alporithm verification process; e.g., greater
sweep times were expected to correspond to
cases for y = 1 than for y = 2.

Generated Shock Spectra Determination

A mathematical representation is assigned
to the particular form of gencrated shock spec-
tra and ratio used in this paper. Determination
of the oscillator response requires solution of
the assigned differential equation for accelera-
tion by means of integration. The integrand is
a function of the individual oscillator {requen-
cies and the frequency associated with the
transicnt sweep (the latter inherently covers a
broad range of frequencies). For numerical
integration, it is desirable, for numerical
stability, to have the integration step sizc inde-
pendent of the oscillator frequency. An inte-
gration algorithm is described below which
achieves this independence; the integration step
sizes are adjusted so that they vary only with
sweep frequency.

Shock Spectra Fquations. Two primary cqua-
tions serve to describe the oscillator response.
First is the differential equation of motion
treated helow, and second is the maximizing
equation given in Eq. (1),

The differential equation gencrally refers
to various mecans of application of the excita-
tion or to various responsc parameters, i.c.,
relative or absolute values of response motion
in terms of displacement, velocity, or accel-
eration. The situation treated in this paper is
the application of cxcitation to a simple oscilla-
tor by means of base motion. Absolute accel-
eration is sclecterd as the parameter of interest
since most shock and vibration specifications
are in terms of acceleration units. The classi-
cal equation of motion associated with the
relative motion r is 114

Fro2twr +whr o (9

and the absolute acceleration X for use in

Eq. {1) may be obtained by numerical integra-
tion of Eq. (9) and substitution into the follow-
ing equation | f41:

X '-Zf,ur-ur “0)

The method of determining r and r will be
described after the formulation of the shock
spectra ratio =p.

The ratio between two shock spectra (cor-
responding to two {ixed damping factors f, and
L,) is cxpressed as

SS(W- z:z; g)
plw Ly, &y 8) = SSe, T, @ TRES!

(1)

Integration Algorithm. Determination of the
oscillator response rcquires solution of the
differential equation for ¥ by mecans of integra-
tion. The integrand involved will be a function

-of the oscillator {requency and the frequency

associated with the transient sweep, which
inherently covers a broad range of frequen-
cies. An approach to achieve integration step
size independent ~f the oscillatrr frequency
will be geuerally desciib=2 in the following
paragraphs. A detailed derivation is provided
in Ref. [1]. This algorithm is as yet unpub-
lished in the technical community but has been
shown to be efficient {1,2,17].

The solution to Eq. (1) will be obtained by
means of state variable techniques. Thesc
techniques require that Eq. (9) be rewritten
in matrix first order form as follows:

Yo - AT + T(v), T(0) = ¥, (12)
where .
r{t)
Yt - . {13a)
r(t)
0 1
A - (13b)
2
-w ~2Lw
0
T - (13c)
-g(t)

The known solution to Fq. (12) is 16, 1°]

1
Tt »(‘At?o ‘f (‘A(t-r)?(r)dr (148)
v

Note that the integrand eA(t - Tl is a
function of both the oscillator frequency w
entering through A and the transicnt sweep
frequency implied by U (r), If a step size At
is introduced by substitution of t + At in
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Eq. t14) and the excitation T (1) is restricted . — —l

to the lincar form: e - _g_z Ps . -Lps
» D “D
— — - t — — ’
Tir) - Ty + L Tt + At - Tin| (15
(r ( =t |l (t +at t | ( M,(ab -
then Eq. (14) may be shown l1, 17} as 2
2 [ps e - £ gps
—_ -— - D ]
T(t+an T} T+ M, T+ M, L b
(22)
T+ an-Tm|
At | where
2
. wn fw 1.8 s
where D J .
Aat AR
T- ¢ 17 L
(17 C = it + (52) .
a \./ D
t
M f e A%y, (18) : “tto
7)) b = TAN ' (= )
D
At
. -Az 1| +zoat 1
MZ '_/c; e zdz (19 ;I -3 }o e («’,cos wpyat + —=

Fquation (16) has the desired integration
form. [t implics that,_in the region where a
given At still permits U(t) to be considered
linear, the matrices T, My, and M; nced only s - 4
be computed once. Therefore, the matrix A -
has no influence on At. The restriction of
FEq. (15) may be readily satisfied if the step
size At < 0.1 T” where T is the period of the
input sine wave. The period continually
decreases during an upward sweep: hence, sonie ny }c+suét{[t,m3t a1t 2‘,:2)]

] w
+iwdt s At L
{sin “h At -

w
«COS "'D'M) + TD{ .

IPC -

changes of step size will be required. “z

The exact forms of T, Ml’ and M; may be w
blained by application of the Cayley-Hamilton ce Dy 2t]
obtained by appli ton of the Cayley m cos uDAt + = wdt - 20

theorem [18] and intégration. The resulting
expressions arc the following: . ’ 2 '
-smuDAt +(:,+2{_,)‘

C cos (wpat-b) ;'—5 sin wpat ~\

(I +;_,m( 2
- v IPS = — e [gwat - (-1 +229]
Tian - o owot i w? | - ;
. w
L2 ~sin At - -2 lwat - 2]
sinw. At C cosfw, At + b) w
wpy o D D
w
. , .. bl
(20, +COS8 \JDAt) -y - ‘
m The resulting matrices of Eqs. (20) - (22) are
IC - L 1 . 1s more complicated than those of some available
w D approximate forms and will require use of

trigonometric subroutines for computer imple-
M. (at) (21) mentation.  Nevertheless, any accuracy and

i stability problems, often arising from approxi-
QZ Lo mations, should be solved by this approach.
S-S . IC+ 2= IS Such problems are addressed in Ref. [1].

L D D

Step size less than 0,1 forcing function period is a general practice,
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Integration Step Size. A fundamental require-
ment in the derivation of Eq. (16) for the
response to the transient sweep excitation was
that the step size At be consiucrably smaller
"than the period of the sweep frequency.  This
necessitated an evaluation of the periods
associated with cach of the excitation forms
shown previously (i.e., the general case and
the two special case forms invelving y = 1

and 2), The periods correspond to 6{t) = 2ni
i -1,2,3...).

For the general case described previously,
the periods are determined by first substituting
0 - 27i into the solution to Eq. (4¢) and then
solving for the times t;, which represents the
times associated with cach cycle's completion.
For the periods T;, successive values of these
times must be differenced, i.c.,

R - ¢
Ti -t for ¢, =t (23a)

i-t
and

for t. >t {23h)
i s

Note that the parameter T in Fq. (23b) is
generally not a complete p"criod. The step
sizes are determined by

. N < ’ 2
at, CZ1i for Lt (24a)
At, - Cle for £t (24h)
wlore
C, = arbitrary input constant {inverse

integerl = 0,1

Fquations (23) and (24) also apply to the
excitation of the special cases for y = 1 and
y = 2. The step size differcences between the
general and special cases exist in the meaning
of the times t; and t;. The sweep durations
are those of Eqs. (6)and {7) for y =1 and 2,
respectively. The cycle times are obtained by
selecting the appropriate y, solving Fqs. (4b)
and (4¢) accordingly, substituting © - 2ri, and
then solving for the times tj. These steps
were performed by hand and the resulting equa-
tions programmed into the Transient Sweep
Algorithm. The integration step size cqua-
tions provide the information necessary to
complete the integration algorithm,

Determiination of Maximum Response.  The
maximization of ¥ indicated by Fe. (1) required
computer implementation.  The implementation
was performed by use of Fq. (10) in conjunc-
tion with the integration results of Fq. (16,

e, YD Ir. iﬁ'. For the use of the scalar

Used to divide the pertod into equal parts,

form of Fq. (10} in a way compatible with the
vector form of Fq. (16), the A matrix of
Eq. {(13b) is utilized., Let A be expanded as

The desired form of X represented by
Eq. (10) can be obtained by a matrix multipli-
cation of the { X 2 matrix Az and the vector (or
2 X 1 column matrix) Y. [his appears as

= A -V {260

Fquation (26) is maximized by searching
the resulting matrix multiplication over the
entire sweep time for the largest value. For
a given transient sweep excitation, Eq. (26)
will be exercised twice for cach oscillator fre-
quency, i.e., once for cach damping factor.
Therefore, A, and Y must be identified with
respect to frequency and damping. This is
done by usc of subscripts j for indicating the
frequency wjand £ for indicating damping
factor §;. Equation (206) is then substituted
into Eq. (1), which yiclds

SSfw, ¢,) ¢ max lA Y.ll, (27)
J ctd o J

0 s 2jt’

The shock spectra ratio p is again given by
Eq. (11). Equations (27) and (11) provide the
generated shock spectra/ ratio information
that is to be compared to the specified shock
spectra data.

Error Criterion Function and Gradient Vector

A specific error criterion function and
gradient vector required for the deflected gra-
dient method are now defined. Mathematical
formulations of both the error criterion func-
tion and the gradient vector arc presented.

Frror Criterion Function Definition. Definition
of a suitable error criterion function is ¢ssen-
tial for cfficient application of gradient methods
to the transient sweep problem. In the present
case, there are two primary comparisons to be
made: (1) between the specified and generated
shock spectra (i.e., SSy and SS) for a given
damping factor Ly, and (2) between specified
and penerated shock spectra ratios (i.e., p

and p).  Various ways exist for functionally
expressing the error functions resulting from
these comparisons {41, However, there are
twao general guidelines to be followed; i.c.,

the interpretation of the crror function must

be meaningful to the algorithm user, and the
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error function must not allow any single com-
ponent to dominate the comparison.  The error
function sclected appears as

O R +lm2(uj,'6llz, (28)
where the individual weighted norms appear as
1Bt [Fyt, 2 W F )2

L 1 1)
(=1, 22051, n (29)

and

column n vectors of the
differences between 55, and SS or
pr and p at n frequencies

{u', R TIRR .uj,. . .wn},

l‘.,i (wj)

wii = weighting matrices [l],

Il = designation of a norm,

’
designation of transpose,

The weighting matrices Wij are diagonal
matrices with diagonal elements of Wyi; and

W2j corresponding to l/SS%j and 1/p%j, respec-
tively. The elements scrve normalization pur-
peses generally required for multiparameter
optimization. Specific needs and tradeoffs arc
discussed in Ref. [1].

Gradient Vector Formulziion. The formula-
tion of the gradient v.ctor VE(e} is simply the
four partial derivatives of E{a) with respect

to the four adjustable parameters. These
parameters were identified carlicr as a, B,

R, and y. Thercfore, VE(a) is a four-clement
vector that appecars as

— [8E 8E JE aEY
VF.‘O) B [aa » aﬁ > -(-,T- ’ GY] . (")0)
The gradient vector components may be
obtained by an approach called the finite
difference method.

The finite difference method is simple to
implement because of its approximate form
and has adequate accuracy: the fact that accu-
racy requirements are gencrally not prohibi-
tive in the Transicnt Sweep Algorithm is
cxplained in Ref, It]. The finite difference
method relies on an approximation to the
definition of a derivative. The components of
TE(o) appear in finite difference form as

AFE  E(a+ ba, B, R, y) - Efe)
da ’ Ha

(31a)

dE  Kla, g+ 8p, R, yi - Efa)
of hp

{(31b)

O Bia, B, R AR, y) - Ele) 3
T e TR {(31c)

OB Fla, B, R,y *ay) - Blo) a4
dy |‘)Y

where the & increments are fixed small values
or some percent C of the iterated value
(e.p., 52  C-a),

Equation (31} demonstrates a need for the
10 shock spectra per algorithm iteration pointed
out in Ref, [1], These 10 are required to com-
pute a different shock spectrum for the basic
and the four perturbed error criterion functions
indicated in Eq. {3!) for cach of the two
damping factors.

DESCRIPTION AND RESULTIS OF
DEMONSTRATION CASES

Three demonstration cases are used in
this section to exhibit algorithmic . performance
and show that the algorithim generates optimum
transient sweep parameters, The three cases
represent increasing generality., The descrip-
tion and purpose of cach demonstration case
are provided, including a bricel description
of the algorithm input and ovutput. Criteria
are presented in graphic form for cstimating
initial numerical values of the adjustable
parameters. The overall results of these runs
are provided, as well as an evaluation of
sweep duration characteristics.,

Descriptions of Three Demonstration Cases

The demonstration case descriptions are
given in two parts. First, the general charac-
teristics are presented. Then the input/output
(1/0) selections are given., The 1/O discussion
emphasizes starting estimates for @.

Demonstration Case Characteristics, The

R A

characteristics of the three demonstration
cases are illustrated in Fig, 5 in terms of the
specified shock spectra S8, and ratios p,

to be satisfied., Class I represents nonconstant
58, but constant valued p.. Class Il represents
nonconstant S5, but constant valued p,.. Class
Il represents the completely gencral case
where both the SSr and p, are nonconstant,
Both positive and negative slopes are implied
in Cases Il and Il when the specification
magnitudes are nonconstant,

The frequency ranges are the same for
all cases, and three oscillator {requencies
£y, 1'2, {3 arc picked between the bounds
and t,,,. Three oscillators arc picked to
reduce computer expense and because three
represent the minimum number possible to
ensurce that a lincar log-log plot is accom-
sliched,

Numerical specification values forv the
three demonstration cases are presented in
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Fig. 5 - Characteristics of demonstration cases

Table 1, Individual computer :uns were made
for each case shown {i.e., class/run). The
rationale for assigning those specification
numbers are also given. A more detailed
explanation of the value selection procedure
is presented in Ref, {1}, Class I represents
actual test specifications obtained from

! industrial testing programs l(), 11] and, there-
fore, serves partially as a check case for
Classes Il and [II.

Input/Qutput Selections. The I/0 selections
used during algorithm development were
extended and gencraiized for the demonstration

TABLE | )
Selected Shock Spectra, Ratio Specifications for Demonstration Cases

SPECIFICATION
CLASS _
’ RATIONALE
R 50] Sm| Pro| Prm
-1 3 3 1.8 1.8 EXTENSION OF THE TEST CASE FOR 3 OSCILLATORS
1-2 3 3 2 2 MODIFICATION OF i-1 FOR SLOWER SWEEP-RATE
-3 6 6 1.8 1.5 MODIFICATION OF -1 FOR HIGHER AMPLITUDE
-1 3 60 1.5 1.5 POSITIVE SLOPE. SHOCK SPECTRA SPECIFICATION
11-2 3 1200 1.8 1.5 STEEPER POSITIVE SLOPE THAN Hi-1
11-3 3 0.15% 1.5 1.8 NEGATIVE SLOPE SHOCK SPECTRA SPECIFICATION
-1 3 60 1.5 2 GENERAL SHOCK SPECTRA/RATIO SPECIFICATIONS:
BOTH WITH POSIT'VE SLOPE
-2 3 3 1.5 2 SPECIAL CASE OF Il1-1 WITH CONSTANT SHOCK
SPECTRA SPECIFIED :
-3 3 60 2 1.5 GENERAL SHOCK SPECTRA/RATIO SPECIFICATIONS:
POSITIVE SHOCK SPECTRA SLOPE, NEGATIVE
RATIO SLOPE | |
-4 3 3 2 i.5 SPECIAL CASE OF 1'1-3 WITH CONSTANT SHOCK
. SPECTRA SPECIFIED

For all cases: Specified frequency range is f, = 10 to fr, = 200; osciliotor frequencies arc

20, 60, 100; stop criteria are 0. 005 on AE and normalized A4 .
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cases. Specific values and formats of /O are
presented in Ref. [ 1], The initial @ estimation
process is peneralized in this paper, however,
since optimization is gencrally dependent on
the starting values, The effect of initial
estimate accuracy on optimization convergence
is discussoed in Rets, (1] and [2], Some
typical output data is presented in the results
discussion,

Data used to develop starting @ estimates
were obtained trom two sources. First,
perturbations from a test casc development
provided trends in the W components. Second,
extrapolations were made to prior sweep rate
studies [2, 15]). These sources served to
establish general rules of thumb that were
subscquently implemented in terms of families
of curves for generai use, These rules of
thumb are explained in Ref. [ 1], and the result-
inp curves for the three demonstration cases
are displayed in Figs. 6-8. Numerical values
of the starting cstimate of & are presented with
the results of the three demonstration cases
later,

Case | starting estimate criteria are tound
in Fig. 6, which shows the parameters a and
R. Paratneters pg and y are estimated to be
0 and 2, respectively, for this case on the basis
of industrial experience, Figure 6 is a curve
of an amplication factor, denoted F (i.e.,
Fay = 85./a), versus the sweep rate constant R,
Values of the specified p, are indicated along
the curve. The curve provides R directly
from p,, and a is obtained by dividing the
specified SS,. hy F,. A restriction on the curve
is that it was generated for oscillators whose
damping factor ratios were 5 (i.e., 61/&2 - 5y,
as is the casc selected for this paper. Simi-
lar curves for other damping factors (e. g.,
Lyfh, 0 10 may be generated if desired. In
conjunction with the present restriction, the
curve sugeests that both F; and p,. are bounded
ahove by 5 and tend below to 1, representing
steady-state and impact conditions, respectively.

Case Il starting estimate criteria are
estimated as in Case I, with the exception of
the parameter B, A straightforward estimate
for P is that pertaining to the exponent by shown -
tn Fr. (3), which also represents amplitude
versus lrequency slope. Figure 7 shows by as
B versus ([, /fo for a family of curves repre-
senting constant values ol 88.,,/55,.,. Ior ex-
ample, in Run II-1, , /f, = 20 and 58 ,,/55¢¢
- 240, so 3 1, Parameters a and R are again
obtained from Fig. 6, and y - 2. :

Casc I starting estimate criteria utilizes
an cauivalent p ., denoted , to enter Mg, 6
for obtaining parameters a and R in this gener-
al case. The y estimate is found as part of the
technique used to provide this §, andparanie-
ter 3 1s obtained by means of Fig, 7 (used tor
Case ). The technigue is portrayed in Fig, §,
which shows two correction lactors, denoted
Cly, CE., versus (/g tor a tanaly of curves
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representing constant values of pey /P o

When the stope of the specificd pu(l) is positive,
then i, is obtained hy Gl and the y estimate
by CI'_, as indicated on the figure, When the
slope is negative, the roles of the correction
factors arc reversed as shown, The justifi-
cation of the correction factor cquation is
partially explained in conjunction with the
cvaluation of Case I in Ret, [ 1],

Run [lI-1 starting criteria scrve as an
example for the Case 1. Paramecter g - |
by the same steps explained for the Case 1I
example. poo/pro = 1.33 and f1,,/fp - 20 s0
that, according to Fig. 8, CF, : 1,096 and
CF_ = 0.904. It follows that {, = p, X CF, -
1,64 and y = 2X CF_ - 1,81, Using fi in Fig. 6
yields R = 0,30 and a - 0.90. Figurc 6 was
uscd in cvery casc to estimate parameters a
and R regardless of values of 2 and y.

Results of the Demonstration Cases

Computer run results for the three demon-
stration cases provided verification of the meth-
od described for generating optimum transient
sweep parameters. The results of these runs
and an evaluation of cach case are provided in
the following paragraphs. An overall evaluation
of sweep durationcharacteristics is alsoprovided.

Summary of Results for the Demonstration

Cases. A summary ol the computer run results

ter the duelsonstration cases in Table 1 oare
shown in Table 2. The tabulated data includes
the shock spectra specifications (repeated

for convenience), the initial & coniponent
estimates, the optimum error criterien
function and paramecter vector achieved
and the transient sweep duration,

Convergence within the 0,005 stop
criteria (user selected) was attained for all
10 computer runs, which substantiate that
optimum transient sweep parameters were
generated, This criteria pertained to changes
in E and normalized ¥ between iterations. It

S
&5 {, in porenthesis;
14. 75 1425 13,75
« Rl 1,251 15y,
“ 03 DU T
o : 2.5
2 4
-
o
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=
£ -
3
-
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H
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Fig, 6 - Criteria for starting
estimates ol [
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. TABLE 2
Summary of The Three Demonstration Cases

REFERENCE DATA PATMILTER b ll-v OPTHAUM PARAMETERS wEED

CLasslss wai | 38,000 o | o leign] 8] w1 7 Jeeyni?| k] o'n 8 ® ¥ m.;'u pHis
B 3 3 wsPrsly “Jofoamf2 0.5 |9 {1008} 0.35x10% | o.ame | 1m0 o0.208 s

2 3 3 2 |2 |lenm]olon}a o 13 Jores | 0200010 {01204 [ 2.000]| 0.7
1-3 . . s ) nsiz ojom|2 o5 o froe | ormmeni0?]ceme |ro0] oam
n-y 3 w Jrsfoush 1]0ami2 0.3 [z |o.oe0r | o.eeer o514 | 20| 0.3
n-z 3 1o | s | s 2low}a s lalown] Lo 0.0 | 2.00] o.in
n-3 » ) as |rs]ush a9 lom]2 "7 o Jo.3s2¢ | 000 asosr |2.00] oams
m-1 * ©w 1sfa Jose] 1 josfie o.614 | Jo.roe | o.eme 0.2007 | 1,03 ] o.398
m-2 3 3 1sfa2 fovw] ooxn]ie 153 fo|ores |-oreanio? [oser ran] o
w-3 3 © 2 |rsjom]rfonnlars 1 s {osms | owr o200 2152 o.282
n-4 ) 3 20| wsfom ojan]ars 0.0y |9 foon | cosee  Joren [l om0

&+ NUMBER OF ITERATIONS

" would also be desireable to minimize E(&)

itself, but the tabulated values of E(#) indi-
cate that some runs le.g., Run [1-3, E(3) -
84,.7% 10-%) satisly this condition to a
considerably lesser degree. Evaluations

" of this condition are provided in Ref, | 1},

Table 2 also shows that the initial
estimates tor & are quite close to the optimum
values, This relationship suygests use of
the @ estimates as a potential replacement
of the optimum values when testing tolerances
permit.

Evaluation of Case I Results. The three
computer runs for Case I all provided
optimum error criterion function values of
less than 10°2 and ¥ components approxi-
mately equal to those estimated, Particularly,
P was quite small, and y waa within one
percent of the estimated value 2, Doubling
the specified shock spectrum magnitude
resulted in a doubling of the excitation ampli-
tude. The effect of shock spectra ratio on
sweep duration is clearly demonstrated in
Table 2, since a 360 percent increase int,
results from a 33 percent increase in p,.
Sweep duration sensitivitly will be summarized
later.

Evaluation of Case Il Results., The E(@)
values achieved from the three computer
runs for this case ranged from good to poor
in terms of the margin satisfying the spe-
cified shock spectra. Run II-1 exhibited
good performance; Run Il-2 had mediocre
performance; and Run 11-3 performed poorly.
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The reasons for this variation in performance
are assessed in detail in Ref.[1]. Over-
layed time histories of g{t) and X(t) for Run
11-3 shown in Fig. 9 demonstrate 1/0 rela-
tionships and illustrate the cause for Run

11-3 performance; i.e., the response peak
occurs at the low-frequency high-amplitude
portion of the sweep and is virtually inde-
pendent of oscillator response.

Evaluation of Case 1{l Results, Values of
k(@) irem the tour computar runa in Case

111 indicate resonably good margin relative
to the stop criteria, thereby verifyiny that

0.40 i
OICILLATOR MESPONSE it

- SNEEP EXCITATION g¢it)

ACCELERATION ENCITATION AND RESPONSE

0 0,04 0.0 Qe 0. 16
TIME, sec

Fig. % - Time histories of acceleration
excitation and response for
Case II, Run {
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an optimum ¥ may be attained by the Tran-
sient Sweep Algorithm. Runs IllI-1 and

1112 investigated positive slopes of plf),
while Runs 11I-3 and 1il-4 were tfor negative
slope investigation. These performances
are also assessed in more detail in Ref. [ 1].

Additional summary data.for Run 11i-1
are provided itn Figs, 10 and 11, Eifec-
tiveness of the Transient Sweep Algorithm~
is illustrated in Fig. 10 by comparing the
specified and generated shock spectra and
ratios, Tighter control was more apparent
for the two shouck spectra comparisons than
for the ratio comparison since E{Z) was
expressed in terms of weighted differences
between specified and generated values of
55 and SS2 rather than p. Sweep excitation
git) shown in Fig. 11 demonstrates the increas-
1ng amplitude and the number of cycles (2 22)
associated with the sweep.,

Summary of Sweep Duration Characteristics
and Related Computer Time. Interpretation
of data from the three demonstration cases
provided sweep duration sensitivities to o
components R and y and alvo a mcasure ot
computer time associated with the Transient
Sweep Algorithm, Figure 12 shows a curve

of sweep duration t, as a function of y and R,
which can be usad to evaluate the t| sensitivity
to cach., [he averaze computer run time for
the 10 runs made was {,76 minutes., The
maximuwn computer time (3,83 minutes) was
recorded (or Run 1-2, where 28 sets (S itera-
tions requiring 23 additional trial ¢estimates
for cubic interpolation) of the 10 sweeps were
made at durations approximatiny 0,74 seconds,
shown in Table 2, Run l1-2 represented the
minimum computer time; 0,77 minutes, 16
sets {4 iterations requiring 12 additional trial
estimates) of 10 sweeps att 0.174 seconds,
Computers used were IBM 3%0 and Univac 1108,

A practical and pertinent outgrowth of the
tabulated results is that the set of optimum
_parameters, in conjunction with the sweep

* duration, constitute a complete description of

the transient sweep vxcitalion., A vibration
test machine may be programmed with the
and sweep duration to satisly the particular
shock spectra specification. In fact, the com-
puterized results of Case [ match those attained
directly from industrial vibration testing
programs ib, 1t] for eloctromechanical
equipment. - - .

SUMMARY. AND CONCLUSIONS . .

Several pertinent observations and conclu-
sions serve to summarize the findings of this
paper. These are the following:

® FEquation sets for the Transient Sweep
Algorithm have been described, and the
alyorithm has been utilized to prove
that optima values of transient sweep
parameters (i,e., an inverse shock
spectra) were attainable.
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SKICK SPECTRA SS OR RATO
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Fig. 10 - Specified versus generated

shock spectra and ratio
comparisons for
Case III, Run 1
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Fig. 11 - Excitation time history from
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Case III, Run i

A numerical integration algorithm is

described for determining oscillator

response via a step 3ize that varies- ) o
only with sweep frequency. )
Griteria have been developed in
graphic form for estimatinyg initial
values of the transient sweep parame-
ters, which lead to optimum values,

if the vibration test tolerance to be
satisfied were extremely loose
{e.g., 50 percent), then the clnse
correspondence between initial
estirmnates and optimum transient

Best Available Cop,
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Fig. 12 - Sweep duration sensitivity tc y

sweep parameters would permit use
of the estimates themselves for
vibration test implementation.

® Negative slope »hock spectra specifi-
cations were more difficult to match,

e The optimum transient parameters,
in conjunction with the corresponding
sweep duration, constitute a complete
excitation description [or implemen-
tation on a vibration test machine,

& The average computer run time to
establish the optimum parameters
was approximately 1.6 minutes when
three oscillators were used (computer/
software overhead was negligible):

" hence, a rule of thumb for use in

practice is approximately 0.5 minute
per oscillator,
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DISCUSSION

Mr. Favour (Boeing Company): With respect to
your gradient approach iteration scheme, several
years ago we conducted some independent research
on a strictural analysis tool where we would
feed laboratory data into an analytical model,
and attempt to interact through the generalized
mass, stiffness, and damping matrices to come

up with a new or updiated model that would give
us the same data out, given a specified input.
We started with a gradient approach to iterate
through the matrices but quite oddly we found
that if we used the random ray approach we
converged on the answer much fzster. Have you
had any similar experience or have you looked

at & random ray approach? . ¢

Mr. Rountree: No, What gradient method did
you use? There are a variety of gradient
methods.

Mr, Favour: No, I didn't do the research myself,

and 1 just refer to it as a random ray.

Mr. Rountree: 1T didn't look at that particular
aspect of it but I did look at a variety of
gradient methods particularly one called the
deflected grandient which some of you may
recognize, 1f you are familiar with optimization
as the Fletcher Powell Method. 1In the past few
years it is still considered to be the most
efficient gradient method; {t is fur more
efficient than anything else and it ywets you
there very very rapidly,
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Mr. Favour: There may be a difference in the
size of the problem that {s being worked and
that is what 1 was looking for.

Mr. Rountree: It very much i{s, because the
deflected gradient method tikes N number of
iterations, where N {s the number of parameters.
1 have 4 parameters so I go through 4 iterations;
if you had many spring mass dampers that you are
trying to adjust it could overwhelm you on the
computer because you have to go through N
interactions. If you are uslng something other
than the deflected gradient method you will

find that it is more like (4 or5) N, and that

i{s one of the beauties of the deflected gradient
method, it proves that you will converge within
N. .
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rates up to 20.0 in/in-scc.

and an air spring.

Analysis of clastomeric foams under dvnamic loading is
closely associated with testing.
results of a program in which testing and theoretical
considerations led to the development of an analytical
rodel capable of predicting the nonlincar dynamic response
of foam isolators compressed to strains up to 70% at strain
The model caonsists of a non-
linear visco-clastic clement, a series of Maxwell clements
The responses of model .clements are
shown to depend on the history of past loading.
clastic solution is suitabhle tu represent the dynamic
‘ behavior of eclastomeric (rubber) springs.

This paper prescnts the

The visco-

_ INTROBULTIUN

This article preseats the theory and
the analytical technigue used to repre-
sent the dynumic behavior of prismatic,
open cell polyurethane foam blocks sub-
jucted to compressive loading over it wide
range ol strain amplitude and strain
rute. lBevelopment ot the theory was
stimulated by the need to predict with
high degree of accuracy the respomnsce of
a new Minuteman missile shock isolation
system where foam blochs are the primary
horizontal shock attenuators. lheor- -
ctical developments were suppurted by an
extensive testing program which provided
informatinon needed to Jdetermine a number
ol paramcters cntering into the usnaly-
tical representation.  these parameters
were vstablished for the range of struain
and strain rate required te mect shock
isolation specificutions.

TESTING AND FOAM RESPUNSLS

fthe investigated foums may be
desceribed as flexiblie, precrushed, ovpen
cell polyurcethane with a density ranging
from 5.0 to 15.0 ths/cu. f't. At an
carlier stage obf development a few
closed cell polyurcthane fouams were also
investiguted., These were more resilient
and had a narrower hysteretic loop per
loading-unluading cycle than the open
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S parameters.

cell toams.! fthey were rejected as less
suitable fu% this particular application.
Since the application of the foam
isolators iy in a temperature controlled
eavironment, the ctfect ot temperature
vn the Foam! parameters is not considered
in this nnnfysis. AL tests were con-
ducted at the ambicnt teuperatures (60 to
80°F), Thesge temperatures are subfi-
ciently far|trom the glass transition
temperature about minus 30°F for poly-
urethane) tp atftfect viscu-clastic

Iwo Kipds of tests are needed to
detine parapeters in the analytical
mode k. Lowl compression rate, "static”,
loading-unluading tests conducted at
sérain rates from 0,001 to 0.0} in/in-sec
and with the strain amplitudes from 0.1
to 0.7 in/in provided churacteristic
stressestrain curves for various foams.
fhe dimensivns ol the specimens in these
tests Jdo not altfect stress-strain curves
us lony as sStrain rates remain sufli-
ciently low. ligurce 1 shows results of
two such tests where the compression of
a foam bloch varied in amplitude. Alter
the sccond loading cycle, up to 4
relatively high strain ampiitude, the
loadiug branch becomes stuble und it
remains unchanged during the subseguent
loading cycles regardless of the ampli-
tude. Usualiy the first and the sccond
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o
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Figure 1: Hysteretic Loops From Static and Dynamic
Tests for a Polyurethane Foam
{Foam Density 12 Lbs/Cu Ft)

loading cycles result in somewhat higher
loading branches and cycling is con-
tinuced until the tests become repeatable.
while the loading branch depends only
upon the instant value of strain, the
unloading branch depends on the strain
amplitude at the time when unloading
begins, It was observed that the areca
within the static hysterctic loop is
approximately proportional to the square
of the strain amplitude.

Anuther series of tests were con-
ducted on an impacting sled testing
machine at the strain rates {rom 5.0 to
20.0 in/in-sec uand with strain umplitudes
from 0.3 to 0.0 in/in. ‘The results of
these tests depend upon the Jimensions
of the specimens, the strain rates und
the amplitudes. Both force and dis-
placement time histories werce recorded
during thesec tests. A typical result of
dynamic tests normalized to the stress-
strain plane is shown on Figure 1 as a
comparison with the static data.

During some tests conducted with the
long specimens and at the upper end of
the strain rates, therc wuas ubserved a
foirmation of a dilatational wave at the
impacting side ol the specimen. High
speed motion pictures taken during these
tests provided insight into the mechanism
of wave propagation. The wave rcached
the opposite end of the specimen and
bounced back and forth about twice betore
the peak strain amplitude was reached.
The loading branch in thesc tests is
oscillating with a decaying amplitude
about an average value. Formation of
the ditatational wave had no apparent
effect on the unloading branch which
remained smooth.  Longer specimens and
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denser foams were more prone to form such
dilatational wave. Although the analy-
tical treatment of propagating waves does
not present a problem to the developed
method of analysis, it would introduce
additional dynamical degrees ol treedem
into the system which are hardly justi-
fied by the overall effect these waves
have on the response.

Another phenomenon observed on long
specimens was buckling. It was found
that at the ratios ol lenygth to the
smaller side below 1.5 for all prismatic
specimens with the densities above 10
lbs/cu. ft. the buckling did not occur
even at the highest strain rates and
amplitudes used in these tests.  Lower
density foams were not sulficiently
tested to establish safe limits against
the buckling.

ANALYTICAL CONSIDERATIONS

For the purposc of the analytical
treatment, the dynamic responsce of the
foam isolators must be viewed uas being
twofuld., A puart of the responsce includ-
ing that at low, static, strain rates is
attributed to an esscentially vico-
clastic behavior of the material which
should include microscopic phenomena
associated with the local buckling of
the cell walls and some irrccoverable,
probably plastic effects which are
indicated on the static stress-strain
curve of Figure 1. This part of the
response is independent of the dimen-
sions of the foam block and cun be
expressed as a stress-strain-strain rate
relation.

Another part of the responsc is
associated with the air flow in and out
of the block during loading and unload-
ing. This part depends upon the si:ce
and the shape of the specimen. Although
constitutive cyuations are presented in
a. normalized form containing stress and
strain terms, they also contain a
dimensional factor related to the size

~of a particular foam block.

SOLUTION FOR VISCO-ELASTIC EFFLCTS

The general expression for the
stress o at a time t can be written in
the lorm of a convolution integral

t e
u(t)=f (e, t-1) 3% d (1)
0 T

where L(e,t) is both strain and time
dependent relaxation function defined for
foam in compression. The dependence of
the relaxation function on strain should
account for the nonlincaritics which
occur at large strains. Equation (1)
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should match both static and dynamic
tests when the air flow effects are
excluded. We attempt to separate LE(c,t)
into two parts

E(e,t) = K(e,t) + G(2) 2}

K(e,t) correspunds to the long term

relaxation effects, such as those . -

encountercdsin the static tests,

G(t) correspunds to the short Jura-
tion dynamic etffects which are assumed to
be lincar in terms of visco-elasticity,

Equation (1) becomes

©

t .
© o(t)ea,(e)+ f G(t-0)3S ur (3)
14
where a_(c)= j't R(c,t-r)gg dt (3)
$ at
0 .

gg(e) is a double-valucd function of
strain with scparate loading and unload-
ing branches. For a particular striin
amplitude it coincides with the static
test data for th's amplitude. Formally
g5{c)} remains also a time-dependent
function which should include such
etfects as long term creep. However,
creep considerations were outside of the
scope of this analysis, and were not
necessary for the application being
considereld. :

For numerical compututions one
could store test data for unloading

branches at various amplitudes and inter-

polate as acoded. [t was found to be
more convenient and without sacritice of
the accuracy to use an algorithm which
utilizes static test stress-strain curve
obtained for the maximum test amplitude
from which it derives the unloading
branch for any intermediate amplitude.
lhe algorithm was derived from geometric
considerations using designations trom
Figure 2.
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Figure 2: Algorithm for Intermediate Unioading Branch

The parameters p, 4 and r were
found to be 0.8 ¢ p¢ 1.2
1.5 ¢ 4 < 3.0
0.03 ¢ T & V.00
the dynamic part of Equation (3) is
known to be a limiting casc of response
of a large number of Maxwell elements
connected in parallel. The constitutive
equation for the i-th such element is:

L 717 g, = 4. 3—5 : (6)
L. i <
where Gi and T, are constant,
For zero initial conditions (v}
) and c¢(o) = o, the solution of
Lquation (b} is
6. Wt NCSITAN ¢
a-[-t)-(}‘c(t)-—!‘f e(x)e Jx
i AT
0
Ihe integral in Equation (7) can

be conveniently calculited from the
following:

t S{t-x¥ry
e(xe dx=

0
-t/ J't'“ - (t-at-x) /v,
¢ v{x}e Jdx
0
t ‘(t-x)/fi
*f e(x)e dx (8}
t-At
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which leads to the recurrence formula

: -At/t ~Atfr,
2 e cLgepeet Fhelyar o (9) e
For asgeptnble convergenue oE
Equation (9) the computational step At
should be at least an order of magnxtudc .
smallcr thau Tl._

ihus. the sonvnlutxoh lntuknal in
kquation (3) is substituted by a series
of discreote Maxwell clements with
parameters (i and t1j which may be
obtaired from the relaxation function
t(t), by

0 3

B ) t,
hi(ri%ﬂft G(t)dt with t1<ri<t: {10}
1

The relaxation function G(t} must

satisfy 5 ah <y for alt t.

Thus, G(t) is a decaying function
for all t. When plotted on log/log
scale it myy be approximated by a
straight linc, at lecast within a few
decudes (Figure 3). Bata on Figure 3
is for filled elastomers, taken f{rom
References 2 and 3.
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Fiquré 3:° Relakation Forrctions for Filled Elastomers

oc

log G(t) = m loyg t+log ¢ with m<0
(1)
G(t) = ct®

For calculation of u discrete
spcutrum Gy (t )cit is LonVcnxcnt to use
tz =-2ty°which provides sufficient dis-
tinction between adjacent Maxwe¥l - -
elements. 1In ordér to plet a discrete
spectrum T; was assumed to be:

Ty T t, (12)

Substituting lguation (11) into
Equation (10} and integrating we obtain
the distribution for the discrete
relaxation spectrum Gl(Ti)
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o (= Lx)au ln

* L Congldering hgdution £3) we concluder that

“available “tests.

| mel g -" L
(t) &7;:1—— for all mg-1 (13)‘

Cconstant) Eog m’-l (}4) cv e e

thhxn the annly.cd range of relaxa-
tion times the values of w for clastomers
lic within -1l<m<o which renders §; (v}
ar increasing fuasttion or a ;onstant. : .

at the higher values of t1; the discrete Loosd
spectrum G (13) must become a decreasing
function and taper off since ut longer

relaxation times the response of the foam

is described by gg(e). Various shapes

of the discrete spectra and their, eftfect

on the dynamic part of -the: foum response B
were investigated using twelve Maxwell

clements spaced one octave apart’ alony

the t-axis, For a foam with the density

of 12.0 1lbs/cu. ft. the best match was

obtiained using the shape shown on Figure

4. [he contributions to the total

os | - ~
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$
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Figure &: Ciscrete Relaxation Spectrum Used ta Match
Response of 12 Liw/uut Ft Polyurethane Foam

response from the Maxwell clements at

both ends of the spectra are small.

Relaxation times of the clements located

at the left end of the spectrum are too

short for significant centribution to

the responsce within the range of

Jhe most -noticeuble .., .2 <
contribution is made by the group ot © °
vlements from the middle part ot the

spectrum, s

Once the shape of the spectrum and
the number and spacing of the Maxwell
elements is assumed there remain only
two indepgndent parameters to be deter-
mined by matching the test data: the o ‘o -
magnitude afong the G axis and the e . o
location of the spectrum with:respeet °  ° o ¢ ° (e
to t axis,

SULUTION FOR AR SPRING EFFLCT

fhe solution for the part of the
response associated with the air tlow in
and out of the foam was derived using
the modecl of a foam block shown on

Bést Available Copy
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Figure 5: Model for the Anelysis of Air Flow Effects

Figure 5. The following nomenclature is
used in the derivation in addition to
the Jdesignations given on Figure 5.

A=ab ‘ cross-section area
of the foam block

V=abh foam block volume
Vair=y-v initial volume of
the air contained
. within the foun
block at atmospheric
pressure
Y initial porosity
e=x/h ¢ strain
a-(Vair-A.x)/V5745 instantancous

porosity
Vie)=2Vv instantancous volune
of the alr witein
the compressed block

p(o)=14.7 psi atmuspheric pressure

ple) ° .

_instantancous air,
‘pressure at the
center of the
Colipressed fToamn

block

Ao(c)'l(u*b)h (v-¢) arca of the pures
within the four
vented sides of the
compressed foan

° block

the air escaping

from the compressed
foam block

AV volume of the escaped

air from t=o to
time t corresponding
to x=x(t)

v average velocity of

n=1.38 ‘for adiabatic case

Adiabatic condition for the air
relates

PLO) Vi gp(e) V()" (16)

. . -V AV = _4v
where \rcf ‘uir AV vV vy aal

- B Ce¥ : - -
“The péuk everpressure at Thé tentdr .

of the block is

Ww/vR
s(t)=p(e)-p(0)=p(v) [[lﬁ\—{l] -1] (%)

The expression®for AV :is.assumed in
the form: . .

t
,-‘\‘=f o ‘\U(';) vy dt . (13)

In order to calculate v, consider
theoretical expressions for the air flow
thru oritice. In the following subscript
I refers to the counditions on the side of
the oritice with higher pressure while
subscript 2 retfers to the conditions on
the other side. Flow thru the oritfice
with large velocity changes is given hy:

vi-vi=c(p1vl-pzvz) : (1y)

where ¢ is a constant independent of
triction.

fthen
2
v, VI
=VGelpies e, vaf:7*¢v1¥f;T] (=

in order to satisfy condition vs=o
when pej=p(o) the lust two terms within
the syuare brackeus must egual to plo).
Usinyg bguation (17) is tollows that

\

vhaven oo (21)

which is simply a statement that the
square of the velocity through the ori-

fice is proportivnal to the instantancous:

volume of the air, V(¢), and the pressure
differential across tne orifice.® When
reclated to the foum one must consider
triction whic¢h depends on the foum
ckeracteristics as well as the state of
the toam in compression. Such a triction
function, F(e), was derived in the
Refercnce (3) trom the pressure gradient
tests.  Conscqguently, the equativn for

v, takes the form:

3 Al
va=r(c) v: 22}
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where
B § *e!’
P(e)' 15 T3 e ey
Xi o °

§ = average pore diameter

A = basic friction factor
L = average
irg ventianyg.s
defines 1 cation of the peak
pressure | (e} within the foam
blochk.

The importanze of F(e) in this con-
text is to provide the shape of the
friction functiof for a compressed foum
block relative to the initial value of
air Triction for am unstrained foam

FRe cHoice of . &

block; such an appriach Jdoes not rely
on the reported valies for & and .
Let B=2(a+b) h[ 172 24
5
From Equations (243, [13). (24} and
(18) it follows
.t < TN
AV L3 g(t; 1/2 5
=B J(Y’u) [-:g;ij dt (25}
The system of Equations, (I7) and

(25, Lomplctc» the solution for the
peak air pressure within the toum blovk.
I'he numerical solution of this system is
straight forward: the value of z(t)
entering Equation (23} is calculated one
uompuldtlonal step behind that c¢ntering
Equation (17). Whenever the values of
3{t) arec significant for thc Jnll\\ls,
the syvstem of byuaticas, (I7Y and (23),
is stable. when -(t}) is upproaching
zero at o slow rate, computational
coscillations may occur and the conmputa-
tional step must be decreased
accordingly.

. .« ." Finally, the avcrage vverpressure
applied to the support of the toam’ biock
is calculated by

g (t)=aya(t) {20)
The coefficient 2 is introduced to
represent the average overpressure since

p(e) was defined®at the center of, the
block, The initial porosity, 1, Ts

*ength of the air path dur -

iatroduced to caccount for the area, of .

the pores iun contact with the base - °

support.

lhere remain two parameters, the
venting factor B auni the shape factor a,
to be determined by matching the test
data. lhe range of these parameters was
found to be 12<B<30 and 0.65<a<.95,
The lower values of B and . correspond
to denser foams.
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CONCLUSIONS

The total stress acting on the sup-

‘port of a foam block subjected toa .

Ce s T Ea (e) el g
P =s =17t

o

strain eagtt) is calculated by summing -
up the results given by the Equations
(4}, (7) and (26).

i=k

where the number of Maxwell elements, k,
may be varied depending on the available
runge of tests, Numerical computations
were made using test data for the [ .I2-
ing bfanch of o, (¢) and the algor:it -,
Eyuation (3}, for. the unloading brancn.
The offect of Maxwell elements was cal-
culated using Lquation (7), the recur-
rence bquation {(9) and a variable compu-
tational step for each element depending
on tj. A\ separate algorithm was
developed to solve the system of
Equations (17) und (I5) entering xnto
computations of 5, (t).

Computations presented within this
article are inconceivable without the
use of computer programs. One such pro-
aram was dJdeveloped in the form of a
subroutine to he used in conjunction
with the programs solving eguations cf
motions for 'irge dvnamical svstenms.
Other proyra.s were developed to vare
parameters and to chtain the best match-
ing of the test data. Figures 6, 8 and
10 show exanmples for matching 3 teos
conducted with different-specimens -ade
of the sume type foam with a density of
12 Ibs/cu.ft. Figures 7, 9 and il show

S %fé;:. s ?/;;/n ’ ;//
) 147N . .
§ ; // //
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Figure 6: Foam Response at Low Strain Amplitude

Impect Rate 3.0 In./In. Sec
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Figure 8: Foam Response at Inreri;'adiére Strain Amph’tude
fmpact Rate 12.0 In./in. Sec

theoretical contributisns of variou.
e¢lements in the model to the total
stress. These three tests cover a wide
range of strain rates and amplitudes.

Analytical solutions contain a
number of: parameters. Some of them are
cstablished directly from the, tests:
others require trial and error proce-
dures. In this respect presented
analytical solutions may be regarded as
influence functions containing param-
eters which can vary the shape of these
functions., The wider is the range of
the tests the narrower becomes the range
of paramecters. A single test can he
matched well by a few combinations of
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th
te

¢se parameters. The dispersion of the
st results obtained from a number of

foam specimens, even when the specimens

ar
hoa

e coming from the same production
tch,” is of “such an order thut the

analyvtical match must be obtained for

th

su

¢shaped othylenchropyviencsdicnmononer Tt R

el

~4.0

e statistical averages.

The visco-eclastic solution was °
ceessfully used. in the analyvsis of ° -

astomeric springs which contained

buckling elements. Static loading-
unloading curves for thesc springs re-
semble those of a foum. These spiings
180
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* Figure 9: Contributions to the Total Stress Shown on
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Figure 10:  Foam Response at High Strain Amplitude,
impact Aate 18,0 In./In, Sec. Loading
Branch of Test Data is Affected by the
Propagating Dilatational Wave
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form a part of the missilé isokation 2 (o . ©
. ° = system, Both Jyvnumic and sratic tests : . . ‘o N
vield consistent ‘data which cnabled o S e S L . e T <o
B high degree of accuracy when matching i ‘
these tests, An example is shown in _ e

Figures 12, I3 nud 11, ‘the shape of
the discrete reluxation spectrum used
in this match and shown on Figure 11,
is different from that on Figure !
matching foam tests.
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DISCUSSION

Mr. Pakstys (Ceneral Dynamics/Electric Boat
Divigion): What were the physical character-
fstics of the firat foam for which you had the
most comparison?

Mr. Sepcento: That was a rectangulas foam block;
1t is a fire resistant polyurethane, foam it
weighg 12 1b. per cubic foot, and the approxi-
mate porosity is in the range of about 837, 1In
working with an analvtical model and matching
test dat2 you really need the test data to have
a match, althoupgh in the paper, we presented
some data on flexible polyurethane foams ranging
from about 5 lbs. to 15 lbs. per cubic foot and
with different associated porosities.

 Mr, Wolf (Kaman Sciences): T am aware that your
effort was primartly to descrihe the mechanical
properties of foams and that there are large
varieties of foams, and that polyurethane foams
are used in many applications, some of which
involve areas vhere there are people. Have you
had an opportunity to assess the fire hazard

and the toxic gas situation in any more detail?

Mr. Sepcenko: 1In this particular application we
are compelled to use the so called fire resist-
ant or fire retardant foams. 1 could say that
this foam survives a launch environment where
the temperature is approximately 5000 degrees.
The surface is charred, the foam block remains
intai:t after launch, and the peni:tration of the
heat, in effect the charring of cthe surfacc, is
on the order of 1/8th of an inch. 1 would
expect that some of these foams may prrduce
some poisonious gases {f subjected to a longer
time heating.
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: geometries,

‘Mr, Paz (University of Jouisville):

Mr, Pakstys: You mentioned that there is the
potential of applying this method to closed cell
Have you.actually done this, and
have you discussed this in your paper?

Mr. Sepcenko: We did not discuss the possibility
of the application to closed cell foams very much
in the paper. We investigated closed cell foams
at an earlier stage however they were signifi-
cantly more resilient, and the hysteretic loops
assoclated with these foams were not as wide as
the cnes for the open cell foams, which is to be
expected, because they don't have the air flow
effects.

Do you use
Could they

these only in the compressive form?
be used in a shear type of mode?

Mr. Sepcenko: In this particular type of
application we used it only in compression; how-
ever shear, it would show s very similar effect,
although the hysteretic loop is a little less
and we ran some tests for this response. We

did not use it in tension; there are some dis-
advantages to of using this foam in tension. It
is very sensitive to a notch, i{f a notch occurs
it begins to propogate throughout the foam and
the dlock breaks very quickly. 1In our applica-
tion, in the particular case of the launch tube,
we had to reinforce the tensile zone in order :o
survtve launch environment tension.

—— - s
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. MEASUREMENT OF PEAK PRESSURES PRODUCED o ‘
AT THE GROUND SURFACE BY SHALLOW BURIED EXPLOSIVES ¢ c

Bruce L. Morris
U. S Army Mobility Equipment Research and Development Center
Fort Belvoir, Virginia 22060 —

(U) An experimental program was conducted to measure the peak pressures
produced at the ground surface by the detonation of shallow buried explo-
sive charges, Pressures were measured in both C-7 epoxy and soda-lime
glass targets, and predictions of peak stresses in both steel and alumi-
num targets were made. Experimental results were compared with hydrc-
dynamic computer code calculations.

INTRODUCTION

The rational design of equipment expected
to operate and survive in a blast environment
requires accurate knowledge of he forces to
be encountered. This program was conducted
to measure the peak pressure produced in a
target on the ground surface above a shallow
buried explosive charge. The prototype explo-
sive charges were chosen as 20 1b. Pentolite

cylinders and spheres with 2",

6", and 12" of

soil cover to the top of the charge.

Past work

in the field of explosion-produced overpressure
and effects”™ has indicated that the use of
replica models will produce reliable results.

A replica model simulates compressibility ef-
fects and inertial effects bv fabricating both
model and prototype from the same materifals.
Geometric similarity is required, and the ener-
gy release is sealed as the cube of the geo-
metric scale factor. Thus by using a geometric
scale factor of .423, a 1.5 Ib. charge weight -~
and burial depths of .85", 2.55", and 5.1"
were selected for the experimental program.

INSTRUMENTATION

The instrumentation system used is shown
schematically in Figure 1. The electric blast-
ing cap was detonated with a standard ten-cap
btasting machine and the detonating cord (three
feet of 6125 meters/second speed tested cord}
gave a delay of approximately 150 u-seconds
between triggering of the break wire and deton-
ation of the main charge. The break wire trig-
ger=: the signal generator which in turn trig-
gered the oscilloscope and power supply after
a suitable delay time based on the charge bur-
ial depth. The shock wave in the gage causes
a change in resistance in the manganin wire
sensing element which, under the constant cur-
rent imposed by the power supply, produces a
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change in the voltage which is recorded by the
oscilloscope.

The method used to in§erpret the data is
that developed by Keough.” The relationship
btntween the observed rciative change in voltage
AV and the actual relative r2sistance change

]

i% is a function of the shunt resistance of the

measuring circuit and the changing current
through the gage as the change in gage resis-
tance becomes an appreciahle percentage of *he
blast resistance. This relationship is chirted
in the reference and was taken as
AR AV
T '1.04-7 (])

for these tests. This value of é% is then

related to stress by means of the piezoresis-
tive coefficient of manganln

P(kbar) = 2% [(0.29 ¥ 0. onxm'Z]" (2)

This equation 1s valid for P = 170 Kbar,
and pressures reported in this paper are those
calculated without the uncertainty term.

(c

Tests were conducted using the manganin
wire gage embedded in both C-7 epcxy and soda-
lime glass matrix materials, characteristics
of which are given in Table 1. In efther case
the gage element is assumed to be in equili-
brium with the surrounding mater:al and the
pressura measured is assuned to be that in the
matrix. The Hugonoit data for tre materials
must be known to permit extrapoliation of the
results to other materials through impedance
match procedures. This data is usually dis-
played in the form of pressure-particle velos1ty
(P - ) plot, and these curves for C-7 epoxy’,

Preceding page blank
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FIGURE 1. INSTRUMENTATION CIRCUIT

soda-lime g1asss, iron6 and a1dminum7 (the lat-

ter two for extrapoliation purposes) are given
in Figure 2. The curve for soda-lime glass
has been extrapolated as shown assuming no
phase changes or discontinuities. The alumi-
num curve is that of 24ST aluminum.

< The explosive ysed in this program was 50/
50 Pentolite (507 TNT, 50" PETN) with a density
of 1.67 grams/cc. It was cast by the Ballistics
Research Laboratory into spheres of 1.8 inch
(4.6 cm) radius and cylinders of 4.57 inches
{11.6 cm) diameter and 1.52 inches (3.86 cm)
height, each charge weighing 1.5 Tbs. nominally.
Each charge was predrilled to allow insertion
of a blasting cap to permit central initiation.

© 3

EXPERIMENTAL PROCEDURE .
A total of 36 test shots yielded data in
a nominally dry soil (average density = 1.758

o

gr/cc, sonic speed = .0336 cm/.-sec, water con-
tent = 13.2). The relative locations of the
explosive charge and the gage are shown in
Figure 3. A1l tests were conducted using the
local soil, a sandy clay. The hole was dug
approximately z-3 inches too deep and back-
filled. The charge was placed and its center-
Tine location determined. The hole was filled

“with ‘the removed s0il1 and the gase was placed - .

along the center-line of the charge. ‘The soil
sonic speed was determined using a seismic
tunnel detector to measure the transit time

of a sound disturbance over a measured dis-
tance. Soil density and water content measure-
ments were made with a Troxler radiation soil
meter,

EXPERIMENTAL RESULTS

“The reésults of these tests are sumnmarized
in Table 2 and displayed in Figure 4. A few

TRBLE 1. Gage Matrix Characteristics
C-7 Epoxy Soda-Lime Glass
Identification Pulsar Mdl 741 manganin Pulsar Mdl G4IM
Diameter 3.9 inches 3.9 inches
Height 1.8 inches 1.1 inches
Element Depth .020 inches .090 inches
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gualitative comments are in order here. ‘It was
expected from impedance match considerations
(acoustic impedance is defined as the product
of the initial denéity and the sonic speed,
befng .31 grags/cm” - u sec for C-7 epoxy and
9.46 grams/cm“- u sec for soda-lime glass) that
the pressure measured in the glass would be
greater than that measured in the C-7 for each

.combination of charge configuration and burial
depth. The increase in pressure from the cy-
lindrical over the spherical charge was also
expected and has been experimeetany observed
elsewhere in similar type test’'. For a given
burial depth to the top of the charge, the
scaled distance, defined as the distance from
the center of the explosive in feet divided by
the cube root of the explosive weight in pounds,
is less for a cylindrical charge than for a
spherical one, being given by

ch] <« D t 0.053 FT/LB1/3 (3
for the cylinder and by

Zspn = 23015 Fr/us!/? (4)

for the sphere,lghere b is the burial depth
and 1.14 = 1.5/, In addition, the cylindri-
cal charge provides a good deal of focusing of

- the shock wave along its cylindrical axis.

COMPUTER SIMULATIONS

As further verification of the experimental
results and to improve reliability of calcula-
tions of this type of blast environment, the
TOODY-A computer code was used to simulate a
portion of the experimental program. The
combination of the ¢ylindrical charge and C-7
epoxy matrix material at three burial depths
was selected for modelling.

The accuracy of solution given by finite
difference computer code such as TOODY depends
mainly on the equations of state (relating
internal energy and compression to pressure)
used for the materials and on the size of the
computational grid used. A typical grid (that
for simulating the cylindrical charge, C-7
target, .85" burial depth) at 1/4 scale of the
tests s shown in Figuge 5. The pentolite was
modelled using the JWL® equation of state with
parameters as shown:

: 3 4.4 3 -1
p= 4.91123(1-5-§)e n +.090606(1.-1y)e Tn +
30k (5)

where n = compression = £ , o = density, E =
P Po

internal egergy, and o, = initial density =
1.67 gr/em” for pentolite.

Both the soil and C-7 epoxy were modelled
using an elastic-plastic-hydrodynamic equation
of state of the form
| PPyl - %) + ToE (6)
where P, = Hugonott pressure

I = Gruneisen ratio
w = % < 1 = excess compression
o

E = internal energy per unit mass

The Hugonoit pressure was of zhé form

2
© o Co Ny - : .
s 01 -

for the soil where n = 1 - o, and
[+
S = slope of the shock velo-
city-particle velocity
curve = 1.3

An expansion of equation (7) in the form

Py = poColn(l + 3.5038: + 8.88175: + 18133223
+ 32.93989. %) (8)
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was used for the C-7 epoxy. The Gruneisen
ratio was given by

- Ieto
I sese (9)

VBoth materials wére considered to be>hydrodynaic

mic, possessing no tensile strength. The shear
modulus, G, was given in buth cases by

_ 31 - 2v)
B S L (10)
where v = Poisson’s ratio
K = bulk modulus = oc?

Values of the input conStints are given in ~°
Table 3.

TABLE 2, ngngregsures and Test Conditions

The soil density and sound speed were varied
according to the corresponding values shown
in Table 2. - . el .

The major difficulty in comput1ng exp1o-
sively generated pressures is getting the
explosive to reach its maximum or Chapman-
Jouget {C-J) pressure. The grid of Figure 5
utilizes .06 cm x .05 cm computational zones
inside the explosive and yielded a maximum
pressure of 210 Kbar for the explosive, whére
the C-J pressure is 250 Kbar.

If the explosive had computationally
reached its C-J pressure, the C-7 epoxy pres-
sure would be expected to be slightly higher.
The actual pressures computed, however, are
compared with the experiment in Figure 6. A -
typical calculated pressure-time history is
given in Figure 7.

Agreement between the calculations and
experiment is quite good, particularly at the
.85 inch and 5.10 inch burial depths. In the
5.10 inch case, the limits of the experimental
values bound the calculated result. The differ-
ence at the 2.55 inch burial may be due in
part to the variation in sound speed and den-
sity for the experiments as the pressure
recorded increases w1th increasing 5011 density.
The combination of p, = 1.584 gr/cm”, ¢, = .0339
em/u-sec was used for the calculation. The
soil equation of state does not consider soil
voids or sofl locking, so the calculated
results could be expected to diverge from
experiment at greater and greater burial depths.
The calculated pressure for a C-7 target in
contact with the charge surface ("zero" burial)
pravides a reasonable extrapolation of the’ =
data.

STRESS PREDICTION IN STEEL AND ALUMINUM

Realizing that C-7 epoxy and soda-lime
glass are not targets of military interest,
the data in Table 2 was used to predict the
peak stresses that would be measured in steel
and in aluminum targets under the same experi-
mental conditions. The impedance match tech-
nique was first used as follows using the

NUMBER MATERIAL  CONFIGURATION ( INCHES) (gggms/cma) SPEED (cm/u-sec) MOISTURE (Kbar)

SOIL SOIL PEAK
DENSITY SOIL SONIC % PRESSURE

BURIAL
TEST GAGE EXPLOSTVE DEPTH
2 C-7 epoxy  cylinder ° 0.85
3 [ . |: "
4 e . s n . o . 1i®
5 glass cylinder 0.85
6 n " n
6a [} " 3 . vll
7 " o . - N "
P

*Repeated from another test

< 1.568 0.0290 10.7 61.3

R " . n AR 2 .8

s <o n e et ) ] e 40.7
AVERAGE 5.5 °

1.568* 0.0290* <107 BY.0

" 1 \\ i 60 . 3

1.584 0.0339 10.6 68.8

. " " n 79 . 8

AVERAGE 72.5
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¢ TABLE 2. Peak Pressures and Test Conditions {Continued)
BURTAL SOIL SOIL SONIC SOIL . PEAK
R TEST GAGE EXPLOSIVE DEPTH DENSITY3 SPEED - p4 PRESSURE
. | NUMBER MATERIAL  CONFIGURATION (INCHES} ' (grams/em”} (em/p-sec} MOISTURE {Kbar)
8 C-7 epoxy sphere 0.85 1.568* 0.0290* 10.7* 63.6
9 " " * . . . 44.5
10 ne ‘ " » " . “ 33.3
o o .. . ) AVERAGE 47.1
1 glass sphere 0.85 1.568* ° 0.0290* 10.7* 58.6
"2 " " | ” " L] L] ) 50.8
13 " " " 1.584* 0.0339* 10.6* 55.3
AVERAGE 549
14 C-7 epoxy cylinder . 2.55 1.584* 0.0339* 10.6* 24.8
15 "o " " 1.824* 0.033%+ °° 15.7* 27.9
16 " * " 1.640 " 0.0381 .. 26.5
‘ AVERAGE 26.4
17 glass cylinder 2.55 1.824 0.0339+ 15.7 36.3
18 " L L] ) " " L] 36.7
19 " " h 1.640* 0.0381* 11.8* 40.7
AVERAGE 37.9
20 C-7 epoxy sphere 2.55 1.824* 0.033%+ 15.7* 121
21 b " b 1.640* 0.0381+ 11.8* 11.5
22 Hn " " " " » 12.8
AVERAGE TZ2.T
23 glass sphere 2.55 1.640* 0.0381* 11.8* 13.3
24 " " " " L] n 26'7
25 " " " L) L] " 13.4
AVERAGE T7.8
26 C-7 epoxy cylinder 5.10 1.832 0.0359 12.8 1.3
27 ) " " " ] " L] - 9.5
28 " " ) " L] . » n 7.6
: . : AVERAGE 9.4
29 glass cylinder 5.10 1.832* 0.0359* 12.8* 6.4
30 " " " " - v ]] .9
k]| " " " 1.163 0.0359+ 22.6 13.1
AVERAGE T0.5
32 C-7 epoxy sphere 5.10 1.163* 0.0353+ 22.6* 9.9
33 " " n L - n 6.7
34 oM " ) L] n » " 3.0
. . . . . . . _AVERAGE §.5 .
35 glass sphere 5.1 1.808 0.0305 12.6 ---
36 " |‘| 1i® 1] L] " 1.6
37 " " " L] L] " 7'2
AVERAGE 7.7
*Repeated from another test
+Not measured, assumed value < . .
N N « c, c P e e c N < c N
‘ ‘equation for shock transmission: . ’ pressyre and Z, is the impedance of the C-7.
c ¢ ‘ ZZ' Lo f " In the second, PT is the pressure measured in
PT - 2 p (m the glass and Z2 is the glass impedance. In
L+7, 1 "
TABLE. 3. Material Properties
(1) For each combination of burial depth ; for TOODY-A Calculations
and charge configuration, two simultaneous YARIABLE NAME C-7 EPOXY SOl
equations of the above form can be written, 3 .
one for the C-7 target and one for the glass. Doy gr/cm 1.19 Variatle
In the first, PT is experimentally measured © Cey CM/u-sec 0.2563 Variable
/
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TABLE 3. Material Properties
_for TOODY-A Calculations (Continued)

" [UARIABLE NAME - QoL EPOXY - - QL -
v 0.3 0.45

To 0.79 1.0

‘both equations, the unknowns are Z, (the “ef-
fegtivef impedante of the sail) an&k

pressure in the soil adjacent to the target
face). . . .

(2) The simultaneous equations are solved,
as shown below for the situation of a cylindri-
cal charge with .85 inches burial.

2(.3127)
£-7: 549 = Z,+3 57 PI

54.92, + 17.167 = .6254 PI

°

PK =87.784 7, + 27.450

Glass: 72.5 = %,1446]6516 P,

qas ¢ 105.996 = 2.9232 PI

72.5 Z, +105.996 = 256.61 Z; +

80.242
Z] = .1399
PI = 39,73 Kbar

(3) Equation (12) is used again with the
values of PI and Z] being those calculated

above, with 7, being now the impedance of
steel or alumtnum, PT being the unknown.

These calculations were carried out fof
all test conditions and the results are pre-
. .sented in Figure 8.

. @

A further check on these predicted stresses
was made using the pressure-particle velocity
curves of Figure 2. Using this method (Figure
9) the stresses measured in the epoxy and glass
targets are located on the respective curves
(here, the pressures for the cylindrical charge
with .85 inch byrial). Since both points were
produced by measuring the stress transmitted
from the same reflected wave for the soil, they
‘are linearly confected and the resulting Tine
is extended until it intersects the pressure~.
particle velocity curves for the aluminum and
steel. These intersection points then repre-
sent the pressures that would be measured in
these materials. This procedure was used on
all data conditions, and the results are com-
pared with those from the impedance match
calculation in Table 4.

RI (tbe e .

so GLASS/CYL
. L | €-7/CYL
n T+ K3PGLASS/SPH Lo
L C-7/SPH :
60 B3 ) :c .° ©
@
=
T
&
=
(24
vy
&
Q.
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FIGURE 4. PEAK PRESSURES AS A FUNCTION
OF BURIAL DEPTH FOR 1.5 LB PENTOLITE
CHARGES (GAGE MAT'L/CHARGE CONFIG)

COMPARISON WITH PREVIOUS WORK

The cylindrical charge with .85 inch soil
cover corrf;gonds to a scaled distance of 7 =
17 ft/1b for a target on the soil surface.
Reference ] reports pressyres in steel f?73
scaled distances of from .3 to 1.0 ft/1b'/~,
The, graphically c?}gulated pressure in steel .
at Z = 117 ft/1b shows good agreement with = . <
this previous work (Figure 10).

CONCLUSION

This program has furnished data on pressures
generated at the ground surface by shallow
buried explosive charges, and these pressures
have been extrapolated to target materials of




N military interest. The response of the C-7
. / epoxy gages have been simulated using the TOODY =
o/ hydrodynamic computer code, and the predicted
H pressures in steel targets have been compared "
//// : favorably with previous work. ot To1- I cprerseres
ya 1] Jillgisegeess
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TABLE 4. Comparison of Impedance Match and Graphical Estimates
of Pressure in Stee! and Aluminum Targets*

BURIAL PREDICTED STEEL PRESSURE PREDICTED ALUMINUM PRESSURE
EXPLOSIVE DEPTH {Kbar) (Kbar) .
CONFIGURATION (INCHES) IMPEDANCE MATCH GRAPHICAL IMPEDANCE MATCH GRAPHICAY
cylinder 0.85 77 - 81 74 74
sphere ¢ 0.85 e 57 - 56 56
i cylinder - 2.55 i 4 < 43 - 39 - 39
sphere 2.55 20 20 18 18
cylinder 5.10 N 1} n 1
sphere 5.10 7 7 7 7
*1.5 1b Pentolite charges.
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FIGURE 6. COMPARISON OF EXPERIMENTAL AND
CALCULATED PEAK PRESSURES FOR CYLINDRICAL
PENTOLITE CHARGES (1.5 LB), C-7 EPOXY TARGET
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FIGURE 8. PREDICTED PRESSURES IN STFLL
AND ALUMINUM TARGETS, IMPEDANCE MATCH
CALCULATIONS
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CURVES AND A TYPICAL SOLUTION TO DETERMINE IN STEEL WITH PREVIOUS DATA

MAXIMUM PRESSURE IN OTHER MATERIALS
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DISCUSSION

Mr. McKee (IIT Research Institute): Your
snalysis was two dimensfonal and yet it matched
your’ experimental results correctly, does this
imply that there is no three dimensional effect?

Mr. Morris: WMy entire set up was axisymmetric;
I only did the calculations for the cylindrical
gsge, and with the combination of cylindrical

. targets and a cylindrical gage it worked out

that if you were further from the center.of
the charge you might probably encounter three
dimentional differences, but I don't believe
that it would make that much difference at this
very close distance,

Mr. Crawford (Los Alamos Scientific Lab):

Have you attempted to sandwich your manganin
gage between steel?

Ca
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Mr. Morris: No I haven't, a contractor {s

currently doing this as part of another project.

Mr. McWhirter: When he sandwiches it fn steel .

what does he use to keep it from shorting out?

Mr. Morris: You can use small layers of epoxy
or anything that is very thin that will
electrically isolate the gage from the conduct-
ing material, which would be the steel.: All
you really need is electrical fnsulation, and
other work has ghown that the pressures are

not changed that wmuch by doing it.

o



